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This thesis describes the deeper understanding of the origin of the changes 
in electrochemical behavior as a result of changes in chemical and supramolecular 
structures of the redox-active SAMs. We studied self-assembled monolayers 
(SAMs) of n-alkanethiolates functionalized with redox-active ferrocene (Fc) 
group as model systems to study how their supramolecular structures (determined 
by a combination of complimentary characterization techniques, e.g., 
spectroscopy, scanning tunneling microscopy, and theoretically confirmed by 
molecular dynamics and density functional theory calculations) determine the 
charge transport properties across them at the solid-electrolyte interface. 
Chapter 1 gives an introduction to this thesis and Chapter 2 provides a 
literature overview of the theoretical and experimental studies of supramolecular 
structures of redox-active SAMs and how defects, i.e., the chemical and 
supramolecular structures at the SAMs and the experimental conditions, influence 
their electrochemical behavior resulting in deviations from the ideal 
electrochemical behavior, e.g., peak broadening, peak shifting, and peak splitting. 
Chapter 3 describes the CVs of SAMs of SCnFc (n = 0 – 15) in relation to their 
supramolecular structures. We propose models based on intermolecular 
interactions between the molecules in the SAMs, i.e., Fc-Fc interactions, Fc-Cn 
interaction, Cn-Cn interactions, and Fc-Au interactions, i.e., van der Waals and 
covalent Fc-Au interactions, to explain the observed non-ideal electrochemical 
behavior. Chapter 4 describes the CVs of the SAMs of SCnFcC13-n (n = 0 – 13) 
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interpreted in terms of intermolecular interactions as well. The position of the Fc 
in the SAMs influences their packing due to mismatch in sizes between the bulky 
Fc groups and CH2 units, resulting in weakening of the Cn-Cn interactions and 
decrease of packing densities when n decreases. In addition, with decreasing 
values of n, the Fc units are shielded from the electrolyte solution hampering ion-
pairing during oxidation process, resulting changes of the shapes of CVs. Chapter 
5 reveals the supramolecular structures of the SAMs of SCnFc (n = 3 and 4) by 
scanning tunnelling microscopy (STM). The proposed packing structures of the 
SAMs are similar to that of their corresponding bulk crystal structures but are 
distorted. The STM images show the presence of row defects at intervals of 4 nm, 
i.e., every six molecules, because the mismatch in size between the Fc units and 
sulfur atoms on Au(111) induces strain in the SAMs, which is relieved by row 
defects. 
Based on varying of alkyl chain length and positions of Fc units in the 
SAMs, we improved our understanding of the electrochemical behavior of the 
redox-active SAMs as a result of changes in their supramolecular structures, 
described in terms of molecule-molecule and molecule-electrode intermolecular 
interactions in the SAMs. These models also account for defects in the bottom-
electrode and SAMs. We believe that our finding will be useful in the rational 





Chapter 1  
General Introduction 
1.1. Introduction 
One of the major goals of molecular electronics is to develop 







 to miniaturize electronic circuits down to 
the nano-scale and to increase data storage densities and processing speeds.
5
 
However, the rational design of these molecular electronic devices is 
challenging because of the lack of knowledge of the mechanisms of charge 
transport across organic matters
6
, the role of the contacts between molecules 
and electrodes
7
, and the role of their supramolecular structures in these 
devices.
8
 Therefore, the key to develop molecular electronic devices is the 
ability to precisely control the mechanisms of charge transport, which, in turn, 
is defined by the molecules inside devices. This understanding would in 
principle make it possible to control molecular electronic function by changing 
the chemical and supramolecular structures of the junctions.  
Charge transport across organic structures and organic-inorganic 







 To improve our 
understanding of charge transport across soft matter at the nano-scale, simple 
models have been fabricated such as a thin layer of organic molecules 
absorbed on metal surfaces. The thin layers of organic material with a 
2 
 
thickness of one molecule, i.e., self-assembled monolayers (SAMs), seem to 
be ideal test-beds to study charge transport across organic-metal interfaces 
because of their ease of preparation, ease of synthetic modification, and the 
fact that these layers are exactly one molecule thick. 
Our research focuses on SAMs containing redox-active molecules, i.e., 
ferrocenyl-alkanethiolates (Fc-SAMs) because the Fc units are 
electrochemically stable and can be easily synthetically modified.
14-16
 The       
-(CH2)n- unit acts as an insulating component connected to gold electrode with 
thiol (Au-S bond), while the Fc units acts as a redox component. Therefore, 
the Fc-SAMs serve as model systems to study the redox behavior of 
immobilized redox-couples on electrodes which are, in principle, free of 
problems associated with diffusive mass transport of redox species from the 
electrolyte to the electrodes, and vice versa. The electrochemistry of Fc-SAMs 
has been widely studied to improve understanding in the electrochemical data 
correlated to the structure of these SAMs. However, the interpretation of the 
electrochemical data generated by these SAMs in relation to their structures is 
still ambiguous because the electrochemical behavior deviates from an ideal 




, and peak shifting
14, 
21
, and the reasons for that are poorly understood. Many experimental and 
theoretical studies have been conducted to explain the origin of this non-ideal 
electrochemical behavior, but a simple model that explains all of these features 
is lacking.  
The aim of this thesis is to improve our understanding of the 
electrochemical behavior in relation to the supramolecular structure of the 
SAMs. In Chapter 2, we provide an overview of the theoretical and 
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experimental studies of supramolecular structures of redox-active SAMs in 
relation to their electrochemical behavior. In Chapter 3, we studied the 
electrochemical behavior of the Fc-SAMs, S(CH2)nFc ≡ SCnFc where n = 0 – 
15. We propose that the origin of non-ideal features observed in cyclic 
voltammograms (CVs) of these SAMs can be described in terms of 
intermolecular- and molecule-electrode interactions, which play important 
roles in the degree of order, and packing density of the SAMs. Also, we 
showed that many defects induced by the surface roughness of the electrode 
and the impurities of the precursors, cause deviations from the ideal 
electrochemical behavior. In Chapter 4, we investigated the effect of spatial 
position of Fc units in the SAMs on their electrochemical behavior. We 
studied the Fc-SAMs which the Fc group inserted at different positions of 
alkyl chain, S(CH2)nFc(CH2)13-n ≡ SCnFcC13-n where n = 0 – 13, providing 
more information about electrostatic potential profiles of SAMs-electrolyte 
and SAMs-electrode. In Chapter 5, we studied the packing structure of SCnFc 
(n = 3 and 4) at nano-scale by scanning tunnelling microscopy (STM). We 
showed that a subtle change of the chemical structures results in large changes 
in the molecular packing of the SAMs exposed in nano-scale real space STM 
images, in an agreement with results from large area characterization 
techniques, and complementary to their corresponding bulk crystal structure. 
The last Chapter is an overview of the conclusions which are drawn from the 
work presented in this thesis as well as the significant contributions to our 
understanding of the electrochemical behavior of the redox-active SAMs 





1. Nijhuis, C. A.; Reus, W. F. and Whitesides, G. M., J. Am. Chem. Soc. 
2009, 131 (49), 17814-17827. 
2. Nijhuis, C. A.; Reus, W. F.; Barber, J. R.; Dickey, M. D. and 
Whitesides, G. M., Nano Lett. 2010, 10 (9), 3611-3619. 
3. Dionne, E. R.; Sultana, T.; Norman, L. L.; Toader, V. and Badia, A., J. 
Am. Chem. Soc. 2013, 135 (46), 17457-17468. 
4. Zhu, H.; Hacker, C. A.; Pookpanratana, S. J.; Richter, C. A.; Yuan, H.; 
Li, H. T.; Kirillov, O.; Ioannou, D. E. and Li, Q. L., Appl. Phys. Lett. 2013, 
103 (5). 
5. Ito, T. and Okazaki, S., Nature 2000, 406 (6799), 1027-1031. 
6. Lindsay, S. M. and Ratner, M. A., Adv. Mater. 2007, 19 (1), 23-31. 
7. Haick, H. and Cahen, D., Prog. Surf. Sci. 2008, 83 (4), 217-261. 
8. Kornilovitch, P. E.; Bratkovsky, A. M. and Williams, R. S., Phys. Rev. 
B 2002, 66 (16). 
9. Halik, M. and Hirsch, A., Adv. Mater. 2011, 23 (22-23), 2689-2695. 
10. Heimel, G.; Romaner, L.; Zojer, E. and Bredas, J. L., Accounts Chem. 
Res. 2008, 41 (6), 721-729. 
11. Wang, Q.; Evans, N.; Zakeeruddin, S. M.; Exnar, I. and Gratzel, M., J. 
Am. Chem. Soc. 2007, 129 (11), 3163-3167. 
12. Kim, J. S.; Park, J. H.; Lee, J. H.; Jo, J.; Kim, D. Y. and Cho, K., Appl. 
Phys. Lett. 2007, 91 (11). 
13. Knesting, K. M.; Hotchkiss, P. J.; MacLeod, B. A.; Marder, S. R. and 
Ginger, D. S., Adv. Mater. 2012, 24 (5), 642. 
14. Creager, S. E. and Rowe, G. K., J. Electroanal. Chem. 1994, 370 (1-2), 
203-211. 
15. Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M. and Mujsce, A. M., 
J. Am. Chem. Soc. 1990, 112 (11), 4301-4306. 
16. Eckermann, A. L.; Feld, D. J.; Shaw, J. A. and Meade, T. J., Coord. 
Chem. Rev. 2010, 254 (15-16), 1769-1802. 
17. Collard, D. M. and Fox, M. A., Langmuir 1991, 7 (6), 1192-1197. 
18. Chambers, R. C.; Inman, C. E. and Hutchison, J. E., Langmuir 2005, 
21 (10), 4615-4621. 
5 
 
19. Rowe, G. K. and Creager, S. E., Langmuir 1994, 10 (4), 1186-1192. 
20. Yokota, Y.; Fukui, K.; Enoki, T. and Hara, M., J. Phys. Chem. C 2007, 
111 (21), 7561-7564. 
21. Sabapathy, R. C.; Bhattacharyya, S.; Leavy, M. C.; Cleland, W. E. and 









Chapter 2      
Factors that Cause Non-Ideal 
Electrochemical Behavior of            
Redox-Active SAMs 
2.1. Introduction 
Understanding charge transport across organic matter and their 
interfaces with the electrodes is a fundamental issue in applications ranging 
from molecular
1









, to biological processes
8
. Self-assembled monolayers (SAMs) 
containing a redox-active unit (so called redox active SAMs) have been 
intensively studied as a model system to investigate the mechanisms of charge 
transport across organic-metal interfaces, because they have a thickness of 
exactly one molecule without the diffusion of redox-active species from 
solution to the electrodes and vice versa
9-12
.  
Many studies show that the mechanisms of charge transport across 
SAMs depend on the subtle change in their supramolecular structures.
13-17
 To 
obtain precise control of charge transport properties in redox-active SAM-
based devices, fundamental questions must be answered: i) how does the 
supramolecular structure of the SAMs change as a result of the introduction of 
a redox-active group? ii) how does a redox-active group interact with the 
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electrode? iii) how do the charge transport properties correlate to changes in 
structures of the SAMs? and iv) how do defects caused by experimental 
factors, such as the topography of the electrode and impurities, impact the 
supramolecular structures of SAMs? Therefore, well-defined chemical and 
supramolecular structures of the SAMs are needed to improve our 
understanding of their charge transport properties.   
SAMs of functionalized n-alkanethiolates (SCn) are the most 
frequently used as building blocks of supramolecular structures of SAMs, 
providing a high degree of crystalline-like structure due to alkyl chain 
interactions (van der Waals interactions) among them.
9, 18
 By attaching 
different functional groups to alkyl chains, the structural and electronic 
properties of these SAMs can be controlled. This control is complicated 
because SAMs contain defects which can be defined as “intrinsic defects” and 
“extrinsic defects”.10 Intrinsic defects refer to defects in structures of SAMs 
caused by their chemical and supramolecular structures, for example, 
replacing the CH3 terminus by redox-active bulkier groups, SCnX (X = a redox 
active group), induces steric hindrance in the packing structure and weakening 
of the alkyl-alky chain interactions
10
 resulting in the increase of the number of 
defects, and the decrease of the domain size.
19-20
 Extrinsic defects are 
controlled by experimental factors, such as the quality of metal surface, the 
cleanliness of the substrates, the purification of thiol precursors, and the 
conditions of SAM preparation. These defects strongly influence charge 
transport properties of redox-active SAMs. 
Electrochemistry is one of the most common techniques used to study 
the redox behavior of these SAMs, providing both qualitative and quantitative 
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information of the SAMs.
21
 Initial electrochemical investigations mostly start 
with cyclic voltammetry because this technique is readily accessible and 
relatively easy to carry out, and it gives a wealth of information. i) The peak 
oxidation and reduction potentials (Epa, and Epc, respectively), or half-wave 
potential (E1/2 = (Epa + Epc)/2), determine how much energy is required for the 
electron transfer across SAMs to occur, which, in turn, depend on the details 
of the microenvironment of the redox active moiety. ii) The surface coverage, 
Г, is determined from the total of charge, Qtot, which is the surface area 
underneath the CVs. iii) The peak shape indicates homogeneity, and 
uniformity of the microenvironment of each redox unit, determined by the full 
width at the half maximum height, Efwhm. iv) Peak broadening as well as the 
appearance of multiple redox peaks have been attributed to the presence of 
redox-groups in different environments (buried in the SAM, disordered SAMs, 
or phase separations).
21-23
 Also, the contribution of other factors might be 
possible, i.e., intermolecular interactions,
22, 24




However, CVs can be very difficult to interpret because the voltage is 
continuously swept and the system is always out of thermodynamic 
equilibrium. Also, the environments around the X groups and the interfaces of 
the SAMs with the electrolyte (so-called interfacial microenvironment) 
influence the redox process. For example, the polarity of a solvent may 
preferentially stabilizing one from of redox couple relative to another (so-
called solvent effects).
27
 In addition, the CVs are determinated by both the 
electron transfer kinetics and mass transfer of the redox-active species and 
counter ions. The discrete charge associated with the bottom electrode, redox 
10 
 
units in SAMs and anions in electrolyte changes the dielectric properties of 
these phases (so-called double-layer effects).
25,28-29
 Also, CVs can be further 
complicated when the electrochemical reactions are, for instance, coupled to 
chemical reactions.
22
 Therefore, the interpretation of the electrochemical data 
generated by these SAMs in relation to their structure is still problematic 
because of deviations from ideal behavior in origin of peak broadening
30-33
, 





and shifts in the peak oxidation and reduction potentials.
38-39
  
Here, theoretical and experimental investigations in the origin of non-
ideal behavior of redox-active SAMs related to their supramolecular structures 
are reviewed. We focus on reversible one-step redox processes of SAMs of the 
SCnX where X = redox-active group, e.g., derivatives of ferrocene, porphyrin, 
nitroxyl radical, viologen, or hydroquinone. We review the supramolecular 
structures of redox-active SAMs induced by defects, and formulate the origins 
of non-ideal electrochemical behavior of these SAMs. Catalytic systems and 
systems with large capacitances will not be discussed.   
 
2.2. Causes of Defects in Supramolecular Structures of Redox-Active 
SAMs 
The structure of SAMs formed by the assembly of SCn on Au has been 
described, involving the chemisorption of thiolates on Au electrode (S-Au 
bond)
40-41
 followed by a process of surface crystallization to rearrange 
disordered lying down molecules into two-dimensional crystal-like 
supramolecular structures that are standing-up. These mechanisms provide a 
11 
 
high degree of ordered structures due to van der Waals interaction with the 
neighboring alkyl chains
42
 with an increase of 1.1 kcal/mol per CH2 unit.
43
 
The SAMs of SCn are considered to be liquid like when n ≤ 7 or crystalline 
like when n ≥ 12.44 The orientation of molecules in the SAMs can be defined 
by the tilt angle of the long axis of the alkyl chain away from the surface 
normal. The tilt angle of Au-S-C of thiolate SAMs on gold is ~30°.
45
 The 
structure of SAMs of SCn on Au(111) is generally accepted to be a hexagonal 
packing based on a (√3 × √3)𝑅30° lattice41, 46-47, with a c(4 × 2) 
superstructure on the top of the (√3 × √3)𝑅30° lattice.48-49 In these structures, 




2.2.1. Intrinsic Defects 
Intrinsic defects, i.e., introducing bulky X groups, cause deviations of 
the (√3 × √3)𝑅30° packing. The alkyl-alkyl chain (Cn-Cn) packing energies 
are lowered by the presence of bulky X group, resulting in structural disorder 
(or liquid-like behavior), an increase in the number of defects, and a reduction 
in the size of ordered domains.
10, 19-20, 51
 Scanning tunneling microscopy 
(STM) studies of the SAMs of SCnX revealed lattice expansion or distortion 
from the  (√3 × √3)𝑅30° molecular lattice due to bulky end groups, resulting 
in significant structural changes. For example, Poirier et al.
20, 48
 reported 
surface structures of SCn on Au(111) studied by STM, showing  (√3 ×
√3)𝑅30° densely-packed  monolayers (Figure 2.1A and B). On the other 
hand, the presence of a hydroxyl end group induces a distortion from (√3 ×




Figure 2.1 A) STM topography and B) a model of crystalline lattice based on (√3 ×
√3)𝑅30° packing of SAMs of SC8 on Au(111). C) STM topography and D) a model of 
crystalline lattice of SAMs of SC6OH (black circles), deviated from packing of SC8 (grey 
circle) on Au(111). The figure has been adapted from reference 52. 
 
An alternative change in the structures is caused by the odd or even 
number of a repetitive CH2 unit in SCn. Since the angle of Au-S-C is fixed, the 
terminal X group has a different orientation (tilt angle ) with respect to the 
surface normal when n is odd (nodd) than when n is even (neven) for the SAMs 
of SCnX.
53
 These so-called odd-even effects determine the properties of the 









, and packing densities.
58
 For instance, Yang et al.
59
 showed 
that the difference in the value of  of phenyl-terminal groups in the SAMs of 
SCnPh between nodd and neven impacts the packing structure of the SAMs. 
Since the alkyl chains tilt ~30° with respect to a surface normal, the plane of 
Ph group when nodd is more perpendicular to the surface than that of when 
neven, resulting in closer packing with nodd. Figure 2.2 shows the SAMs with n 
= 1 or 3 have closely packed (√3 × √3)𝑅30°  structure while SAMs with n = 
2 form a (7 × 3) striped structures. Rudnev et al.60 studied SAMs with X = Fc 
13 
 
with n = 11 by in situ STM and found the presence of domains of disordered 
SC11Fc molecules with only  small ordered domains (< 8 nm in diameter). The 
authors proposed that the mismatch in sizes between the bulkier Fc and the 
CH2 units (the average distance between the two nearest neighbors between Fc 
groups is 0.67 nm
61
 and between alkyl chain is 0.45 nm
62
) prevents the 
formation of ordered patches due to weaker Cn-Cn interactions. These STM 
studies show that the introduction of a terminal X group as well as the odd-
even effects can alter the molecular packing of the SAMs.  
 
 
Figure 2.2 STM topographys and the structural models (top- and side-views) of SAMs of A) 




 studied the packing structure of SAMs of 
SCnFc where n = 3, 5, and 11 on Au(111) by STM. The SAM of SC3Fc forms 
ordered structures in comparison with its bulk crystal structure obtained from 
single crystal X-ray diffraction (Figure 2.3). However, for SC5Fc and SC11Fc, 
ordered domains were more difficult to reveal by STM. They suggested that 
14 
 
longer alkyl chains introduce more degrees of freedom into the layer. Auletta 
et al.
64
 reported that the SAMs of SCnFc with long chain (n = 16) has higher 
packing density than the short ones due to back bending. Chidsey et al.
30
 
reported the denser packing of longer chains SAMs due to stronger van der 
Waals interactions between alkyl chains, leading to Fc moieties do not pack in 
the same plane but lie beneath each other due to size differences between the 
Fc moieties and the alkyl chains. Thus whether Gauche defects are important 
is not clear. 
 
 
Figure 2.3 A) STM images of the SC3Fc rectangular superstructures with unit cell marked in 
white. B) Schematic of X-ray diffraction data for HSC3Fc crystals on (100)-plane. C) 
Schematic arrangement of the HSC3Fc molecules on Au(111) with unit cell marked in blue. 
The figure has been adapted from reference 63.  
 
To minimize steric hindrance and to obtain well-ordered structures, 
SAMs of  SCnX coabsorbed with redox-inactive molecules, e.g., SCn have 
been studied
34, 63, 65-68





 Müller-Meskamp et al.
67
 studied so-called mixed SAMs of (SFc)2 and 
SC8 on Au(111) by STM, showing two domains of the lying down phase of 
SC8 and the disordered domain of (SFc)2 (Figure 2.4A). The structure of 
(SFc)2 molecules (Figure 2.4B) shows a weak hexagonal order of (SFc)2 with 
average distance of ~0.67 nm between the centers of two nearest neighbours, 
15 
 
resulting in a packing density of 2.6 molecules/nm
2





which is in agreement with the estimations by Chidsey et al.
30
 for a close-





. However, mixed SAMs generally form a heterogeneous layer of 





Figure 2.4 A) STM topography of mixed SAMs of (SFc)2 (labelled as Fc) and SC8 (labelled 
as C8), showing the striped structure of SC8 and disordered domain of (SFc)2. B) 
Autocorrelation of the (SFc)2 packing structure. The figure has been adapted from reference 
67. 
 
2.2.2. Extrinsic Defects 
In order to study electrochemical behavior of the SAMs in relation to 
their supramolecular structure, minimizing extrinsic defects is needed. 
Extrinsic defects are described as experimental conditions, such as the quality 
of metal surface, the cleanliness of the substrates, the purification of thiol 
precursors, and the condition of SAMs preparation. In this section, we 
emphasize two critical factors which strongly induce defects of the SAMs: the 
quality of substrates and the impurities present in the precursor that from 




2.2.2.1. Quality of Substrates 
Quality of substrates, defined as surface roughness (roughness on the 
order of the monolayers), topography (atomically grain size), and surface 
pretreatment (cleaning, annealing), is one of the important factors to control 
the quality of the SAMs. The metal surfaces on which the SAMs form 
normally have variations in the surface such as a varying density of atomic 
steps, grain boundaries, or step-edges. The quality of the substrates affects the 
quality of the SAMs in term of the degree of ordering
73,74
, thermal and 
electrochemical stability
75-77
, or yields or working SAMs-based tunneling 
junctions
78
. Different methods used to fabricate metallic substrate provide 
different levels of defects on the surface
79
 (Figure 2.5) which affect the 
structure of the SAMs and the intermolecular organization within the SAMs.
52, 
80-82
 Annealing of Au with a hydrogen flame yields surfaces with a wide range 
of rms values (1 – 30 nm over an area of 5 × 5 μm2) and large Au(111) 
terraces (>100 nm width).
83-84
 Template-stripping yields surfaces with large 
grains (0.03 – 1 μm2) and small rms values (0.5 – 1.5 nm over an area of 5 × 5 
μm2) but with large grain boundaries (35 – 80 nm).79, 85-86 Polishing yield 
surfaces with a large range of rms values (3 – 20 nm)76-77, 87, depending on 
treatment conditions, e.g., chemical cleaning, electrochemical etching, or 
mechanical polishing. In the studies of the effect of surface topography of gold 
substrates on stability of SAMs of SCn
74-75, 77, 88
, it was found that the SAMs 
were more stable and uniform on smoother surfaces with large grains than on 




Figure 2.5 STM images of Au substrates fabricated from A) polished Au, B) evaporated Au 
on mica, C) annealed Au on mica, D) template stripped Au, and E) evaporated Au-Ti-glass. 
All dimensions given in nm. The figure has been adapted from reference 77. 
  
2.2.2.2. Impurities 
Purity of precursors is rarely considered in most studies that use 
precursors without purification. The most common impurity in thiols are the 
corresponding disulfides because the thiols degrade over time.
89
 The disulfides 
normally are less soluble than thiols. Thus, the decrease of solubility may 
cause physisorption and change the physical properties of SAMs.
10, 37, 90
 In 
addition, for the condition of SAM preparation, the presence of oxygen may 





showed that SAMs derived from disulfides yield SAMs of lower quality than 
SAMs derived from the corresponding thiol precursor. 
In addition, cleanliness of metal substrates needs to be considered. The 
cleanliness of substrate affects the kinetics of formation of SAMs, since the 
impurities on the substrates needs to be displaced by the thiols. The effects of 
surface pretreatment of metal substrates, e.g., chemical cleaning, 
18 
 
electrochemical cleaning, and mechanical polishing, on quality of the SAMs 
have been studied
74, 76, 93
, showing the improvement of SAMs packing of SCn 
on Au with the cleanliness.            
  
2.3. Electrochemical Behavior of Redox-Active SAMs 
2.3.1. Ideal Electrochemical Behavior 
Electrochemical reactions can be reversible, quasi-reversible, or 
irreversible. The CV shows a single and symmetrical redox wave for a one 
step one electron process when the reaction of a SAM is reversible (Figure 
2.6A). This so-called ideal electrochemical behavior is observed when the 
redox-active groups in the SAMs are assumed to not interact which each other 
and the rate of electron transfer is rapid on the electrochemical time scale.
22
  
This ideal behavior for a one electron process has five characteristics: i) the 
difference between the Epa, and Epc, ∆Ep = 0, ii) the ratio of the anodic peak 
current, Ipa, and cathodic peak current, Ipc, is unity, iii) the values of  Ipa and Ipc 
are proportional to the scan rate, υ, (in contrast to the υ1/2 dependence for 
solution based redox-processes), iv) the Efwhm is 90.6 mV at 25 
o
C , and v) the 
presence of only one reversible redox wave is present.
94
 
Reversible CV data are obtained when these redox-active SAMs are 
mixed with a non-redox-active component, e.g., SCn.
95-96
 Chidsey et al.
29-30
 
found reversible CV behavior when mixed SAMs of SCn(O2C)Fc and SCn 
formed at low mole fractions of SCnFc (χFc ≤ 0.25) and with a Efwhm of about 
90 mV, and ΔEp of zero (Figure 2.6B). Rowe et al.
43
 reported a Ipa/Ipc of about 
1, a small Efwhm of 5 mV, and the shape of CV is independent of scan rate, for 
reversible CV peak of mixed SAMs of SC6Fc and SC6 (χFc ≤ 0.05). However, 
19 
 
Efwhm of the mixed SAMs was also found to be slightly larger than the ideal 
value even at low χFc. Guo et al.
88
 reported a Efwhm of 103 mV for mixed 
SAMs of SC11Fc and SC8 (χFc ≤ 0.10). Voicu et al.
97
 reported a Efwhm of 145 
mV for mixed SAMs of SC11(O2C)Fc and SC10 (χFc ≤ 0.25). Similar 
observations were made by others.
33, 64, 98-99  
 
Figure 2.6 A) The ideal voltammetric behavior of redox-active SAMs: Epa, Epc, ipa, ipc, Efwhm, 
and the total Q determined by integration of redox-peak. B) CVs of mixed SC11(CO2)Fc:SCn 
on Au with n = 7, 9, 11 (χFc = 0.25) with aqueous 1 M HClO4 as electrolyte solution, a 
Ag/AgCl as a reference electrode, recorded at scan rate of 100 mV/s. The figure has been 
adapted from references 21 and 30. 
 
2.3.2. Causes of Non-Ideal Electrochemical Behavior  
Ideal behavior is often not observed in experiments involving redox-
active SAMs. The non-ideal features are commonly observed in CVs, e.g., 
peak broadening, peak shifting, and peak splitting. In this section, we 
demonstrated the causes of non-ideal CVs behavior related to deviation of 
supramolecular structures of these SAMs.  
2.3.2.1. Quality of Substrates 
As described in the previous section, the experimental conditions in 
preparation of the SAMs are important factors on quality of the SAMs. Thus, 
20 
 
to understand the role of supramolecular structures of redox-active SAMs on 
charge transport properties across them requires minimizing extrinsic defects. 
The surface topography strongly influences the electrochemical behaviour of 
redox-active SAMs. Many studies
37-38, 43, 88, 100-101
 show that the value of Efwhm 
is often larger than the ideal value due to the existence of multiple values of 
E1/2, indicating to a distribution of the X groups in different environments.
25, 64, 
102
 For example, Tian et al.
103
 showed variations of CVs behavior of SAMs of 
SC11Fc as a function of the roughness of the Au electrodes (Figure 2.7). The 
degree of roughness of the substrates follows the order of polished Au 
(Au
PL
) > electron-beam evaporated Au deposited Au (Au
ED
) > annealed Au 
(Au
AN
) substrates. The SAMs on rough surfaces (Au
PL
) showed a broad single 
redox peak, while these on flat Au (Au
AN
) showed the narrow single redox 
peak, and they observed two redox peaks for SAMs on Au
ED
. The Epa of these 
three CVs remains nearly constants as a function of roughness (350, 330, and 






, respectively), while the Efwhm tend to 
increase with increasing roughness.  
 




, and (c) Au
ED
. The figure has been 




 also observed peak splitting of the anodic peaks, 
originating from the different microenvironments of the Fc moiety caused by 
21 
 
polycrystalline electrodes with (111), (100), and (110) surfaces (Figure 2.8). 
Similarly, the SAMs of SCn on Au(100) and on Au(111) packs with a 





Figure 2.8 CV peaks of SAMs of SC11Fc on Au(111) at 0.05 M HClO4 solution at scan rates 
of 0.1 (blue), 0.05 (red), and 0.02 V/s (black) with peak splitting assigned as P1, P2 and P3. 
The figure has been adapted from reference 34.  
 
In addition, the cleanliness of substrate also affects the formation of 
SAMs. Creager et al.
31
 studied the effect of surface pretreatment on CVs of 
mixed Fc-SAMs. They reported the effects attributed to a local non-polar 
environment, created by the longer co-adsorbed SCn around Fc moiety, 
resulting in the positive shifts of E1/2 as a function of chain length of SCn (see 
section 2.3.2.2). They reported that these local non-polar environment effects 
are important when the substrates were treated by chemical etching prior to 
formation of the SAMs (Figure 2.9A), while the local environment effects 
could not be observed in mechanical polished substrates (Figure 2.9B). They 
proposed that the etching process provides the clean surface that allows better 
formation of SAMs, resulting in a shift of E1/2. Voicu et al.
97
 studied the effect 
22 
 
of chemical pretreatment of substrates on CVs behavior of mixed SAMs of 
SC11OOCFc with SC10, resulting in deviation of E1/2, Efwhm, and ГFc. 
 
 
Figure 2.9 A) CVs of mixed SAMs of SC6Fc with SCn, n = 4 – 10 (top to bottom). B) the 
value of E1/2 of the SAMs prepared on polished Au (▀) and chemically etched Au(▼) as a 
function of chain length of SCn. The χFc = 0.1 and CVs were measured in 1.0 M HClO4 
electrolyte at a scan rate of 100 mV/s. The figure has been adapted from reference 31. 
 
2.3.2.2. Interfacial Microenvironment of Redox-Active 
Group 
The shapes of CVs (i.e., peak potential, peak width) of the SAMs are 
dependent on the surrounding environment of the X groups in the SAMs. For 
example, the polarity of environments around the X groups could affect the 
redox process by preferentially stabilizing one form of redox couple relative to 
another
27, 36
, or the steric hindrance of bulkier X group compared to alkyl 
chain lead to broader spatial distribution of the X group in the SAMs (a 
fraction of X groups placed underneath each other), hampering counterions in 
solution to form ion-pairs with the X groups and change the spatial 
23 
 





 as well as Fawcett
28
 proposed models of the interfacial 
potential distribution at the Au-SAMs-electrolyte interface to explain some 
features of non-ideal behavior of redox-active SAMs, e.g., peak shifting and 
peak broadening. Calvente et al.
105
 theoretically predicted that spatial redox 
distribution results in broader and asymmetric CVs behavior. Experimentally, 
Creager et al.
98
 studied the effect of the solvation and double-layer effects on 
CVs behavior of mixed SAMs of SCnFc. Figure 2.10A shows the positive shift 
of E1/2 (from 0.32 to 0.65 V vs. Ag/AgCl) when the chain length of 
coabsorbed SCn increases from n = 4 to n = 10. They suggested that the non-
polar interfacial microenvironment around Fc group, created by long chain of 
coabsorbed SCn, disfavors the Fc
+
 form of the redox couple, including the 
difficulty of counter anion in the electrolyte to access the Fc groups, resulting 
in the anodic shift of E1/2. Changing polarity of coadsorbates, i.e., from SCn to 
SCnOH, reduces the positive shift of E1/2 (from 0.46 to 0.27 mV), which 
supports this claim. Figure 2.10B shows the predicted models of effects of 
burying X groups inside SAMs by increasing the thickness of the top layer 
between X groups and SAMs-electrolyte interface, proposed by Smith and 
White
25
 (top) and Fawcett
28
 (bottom). In both models, the value of E1/2 shifts 
positively and peak become broader when X group is more buried inside the 




Figure 2.10 A) From top to bottom: CVs of mixed SAMs of SC6Fc with SCn (n = 4, 6, 8, and 






 CVs were measured at a scan rate of 100 mV/s. B) 
Predicted anodic peaks of SAMs with X groups located at different depths from the top of 
SAMs correspond to top-layer thickness of 0.1, 0.5, 1.0 and 5.0 Å. using the Smith and White 




 studied the effects of the solution environment of the 
SAMs of rigid norbornylogous bridges attached with anthraquinone (AQ) 
moieties. This rigid bridge was used to situate AQ moieties into the L-shape 
and straight-shape in the SAMs. Figure 2.11 shows the shift of E1/2 to more 
positive potential for straight-shaped AQ-SAMs, which allow the AQ moiety 




Figure 2.11 The structures and CVs of L-shaped AQ-SAMs (top) and straight-shaped AQ-
SAMs (bottom) mixed with coadsorbed SCn. The figure has been adapted from reference 106. 
 
2.3.2.3. Charging and Electrostatic Effects 
Conversion of the Fc to Fc
+
 causes electrostatic repulsion between the 
Fc moieties and the SAMs interacting with the countions in the electrolyte. 
Consequently the SAMs re-arrange. Ye et al.
107-108
 recorded FTIR spectra in 
situ during the redox reaction of Fc-SAMs and found the orientation change of 
the SAMs induced by the oxidation of the Fc group in the SAMs. The SAMs 
change its orientation to more standing up as the Fc moiety is oxidized to Fc
+
 
cation. The thickness of the Fc-SAMs increases with the oxidation of Fc 
groups, obtained by ellipsometry and surface plasmon resonance studies.
109-111
 
On the other hand, the change of orientation of the SAMs of SCn attached with 
hydroquinone (SC11QH2) was not observed
112
 since both reduced and oxidized 
forms of SC11QH2 are neutral, which is different from the SAMs of SC11Fc 
(neutral in the reduced form but has a positive charge in the oxidized form). 
26 
 
Therefore, they suggested that the interaction among the positive charge of Fc
+
 
groups and ion-pair formation with counterions in electrolyte play an 
important role in the orientation change. Viana et al.
113
 reported changes of tilt 
angle α of Fc group of SAMs of SCn(CO)Fc upon oxidation determined by 
FTIR. The FTIR spectra show that the oxidation of the Fc group in the SAMs 
induce an increase of the α value, which is most probably associated with the 
ion pair formation between Fc
+
 and anions (Figure 2.12).  
 
Figure 2.12 Left: normalized difference spectra of SC6Fc on Au (111) recorded at a) 400 mV 
(reduced form of Fc) and b) 650 mV (oxidation form). Right: a model showing the rotation of 
the Fc group upon oxidation (A  B) and a view of B after rotation of the whole molecule (B 




 performed molecular dynamics simulations of SAMs 
of SC12Fc system before and after oxidation of Fc, showing that the counter 
anions become more permeable into the region of the Fc moiety after 
oxidation, indicating the break of intermolecular interactions of Fc units and 




 studied the 
effect of counter ions and solvent and the formation of ion-pair between Fc
+
 





 supported by theoretical simulation studies by 
Fillippini et al.
115
 Also, Yokota et al.
119
 studied the formation of ion pairs 
between the Fc
+
 cation and counteranions by force measurements and found 
that the surface charge compensation of the oxidized Fc-SAMs depended on 
the anion species in the electrolyte. The Fc-SAMs behave electrochemically 
ideal when aqueous HClO4 is used as electrolyte, but significant peak 
broadening, anodic/cathodic increase/decrease of the Epa, and even peak 










 anion electrolytes. Hence, 
Fc
+
 in the SAMs interacts specifically with the anion. Uosaki et al.
37
 proposed 
that the electron transfer process accompanies the 1:1 ion-pair formation 
between Fc
+
 group and ClO4
-
. Valincius et al.
116
 reported the effects of anion 
electrolytes on mediated electron transfer of ascorbic acid oxidation, showing 
that tight ion-pair of Fc
+
 with a particular anion, i.e., ClO4
-
 inhibited the 





accelerated this oxidation (Figure 2.13). Sun et al.
120
 studied the effect of 
anionic electrolyte on the shape of redox peaks of SAMs of mixed SC11Fc and 
SC11, showing that the peak broadening and peak shifting towards positive 
potential when χFc increases due to sterically-hindered of large size anion (e.g., 
bis[(trifuloromethyl)sulfonyl]aminde; TFSA
-








Figure 2.13 Schematic illustraction of possible structural changes in the Fc-SAMs upon ion-
pair formation between Fc
+
 and anions ClO4
-
 (left) and F
-
 (right). The figure has been adapted 
from reference 116.  
 
2.3.2.4. Phase Separation 
Uosaki et al.
37
 found that the intensity of peak I at 200 mV (vs. 
Ag/AgCl) decreased while peak II at 280 mV increased with increasing SAM 
formation time. They assigned peak I as disordered and peak II as ordered 
domains of the SAMs. Similar observations in peak splitting caused by SAMs 
formation time and concentration were made by others.
32, 100
 For mixed SAMs 
of SCnX with SCn, it is generally accepted that the SAMs form different 
structural domains on the surface due to differences in the adsorption affinities 
of SCn vs. SCnX on Au substrates, resulting in peak splitting or peak 
broadening.
30, 64, 99
 Lee et al.
99
 studied phase separations of mixed SAMs of 
SC12Fc with SCn. Figure 2.14A shows the CVs of mixed SAMs of SC12Fc 
with SC10 at difference χFc. At low χFc = 0.1, the CVs show broad (Efwhm is 
~110 mV) single redox peak at 190 mV, while the additional peak appears at 
higher potential (~350 mV) with increase of χFc. The authors performed peak 
deconvolution by Gaussian and Lorentzian fitting to the CVs Figure 2.14B 
shows the peak deconvolution of the CVs. The value of ГFc,II increases (from 
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36% to 71%),while ГFc,I decrease (from 64% to 29%) with increase of χFc from 
0.6 to 0.9. They described these two peaks in terms of phase separation of Fc 
moieties in the mixed SAMs, defined as isolated and clustered Fc moieties.  
 
Figure 2.14 A) CVs of mixed SAMs of SC12Fc and SC10 at χFc = 0.1, 0.4, 0.5, 0.6, and 1.0. 
The peak deconvolution of CVs of mixed SAMs of SC12Fc and SC14 at χFc = 0.6 (B), and 0.9 
(C). The CVs fit into two peaks (peak I and peak II) by Gaussian and Lorentzian functions. 
CVs were measured in 1.0 M HClO4 at scan rate of 20 mV/s. The figure has been adapted 




 studied mixed SAMs of amide-containing Fc-SAMs, 
(SC2CONHC11(O2C)Fc, with SC2CONHCm or SCn to control phase separation 
by interchain hydrogen bonding between amide groups. Figure 2.15A presents 
the proposed packing structures, showing homogeneously mixed SAMs of 
SC2CONHC11(O2C)Fc with SC2CONHC12 (assigned as SAM1) and phase 
separated SAMs of SC2CONHC11(O2C)Fc with SC16 (assigned as SAM2). 
The values of E1/2 and Efwhm of CVs of SAM1 are lower (by ~10 mV and ~30 
mV, respectively) than those of SAM2 (Figure 2.15B). Both values increase 
when ГFc increases. The more significant broader and shifted peaks of SAM2 
30 
 
indicate the presence of phase-separated domains due to stronger lateral 
interactions between Fc groups, compared to those of SAM1.  
 
Figure 2.15 A) Schematic of SAM1 (top), a homogeneously mixed SAMs formed with 
(SC2CONHC11(O2C)Fc and SC2CONHCm, and SAM2 (bottom), a phase separated SAMs 
formed with (SC2CONHC11(O2C)Fc with SCn. B) the values of Efwhm (top) and E1/2 (bottom) 
of CVs of SAM1 and SAM2 as a function of ГFc. The figure has been adapted from reference 
33. 
 
2.3.2.5. Interactions of Redox-Active Groups 
The voltammetric behavior of reversible redox active SAMs with no 
lateral interactions should follow the ideal electrochemical behavior. However, 





 proposed models based on intermolecular 
interactions to explain peak broadening/narrowing and peak shifting of 
experimental CVs. The interactions among redox-active groups can be 
expressed by the interaction parameter 𝑣𝑔𝜃𝑇, where 𝑔 = 𝑎𝑂 +  𝑎𝑅 −  2𝑎𝑂𝑅; 𝑣 
is the number of water molecules displaced from the surface by adsorption of 
31 
 
oxidized species (O), or reduced species (R); 𝑎𝑂, 𝑎𝑅, and 𝑎𝑂𝑅 are the O-O, R-
R, and O-R interactions, respectively; and 𝜃𝑇 is the total coverage of both O 
and R.
22, 24
 The CVs shape follows the ideal behavior when 𝑔 = 0, while CV 
shape becomes broader and flatter when 𝑔 < 0 (a repulsive interaction) and 
becomes narrower and higher when 𝑔 > 0 (an attractive interaction). 
Chidsey et al.
30
 observed peak broadening when the Fc-SAMs are 
densely packed which they attributed to interactions between Fc units and 
inhomogeneity of the SAMs, supported by theoretical studied by Calvente et 
al.
105
 As mentioned above, peak splitting also has been observed for densely 
packed SAMs which has been attributed to Fc-Fc interactions as diluted SAMs 
Fc-Fc interactions are assumed to be negligible and the corresponding CVs 
consist on only one peak.  
 
Figure 2.16 Comparison between experimental
30
 (open symbols) and theoretical
105
 (solid line) 
voltammograms of mixed SAMs of A) SC11(O2C)Fc and SC9 at χFc = (1) 0.1, (2) 0.25, (3) 0.5, 
and (4) 1.0; and B) SC16Fc and SC15 at χFc = (1) 0.05, (2) 0.10, and (3) 0.25 in 1 M HClO4 




 reported CVs of mixed SAMs of SC11Fc and SC11 





 to control the heterogeneity in the mixed SAMs, 
showing changes of the E1/2 values as a result of the distributions of SC11Fc in 
SC11 molecules. They observed the single redox wave when the χFc < 0.10 for 
the SAMs prepared via both methods with very similar values of ΓFc (below 
5% difference); however, the exchanged SAMs have a higher E1/2 value (by 72 
mV) and broader peak (by 39 mV) than the co-adsorbed SAMs, which 
indicates different redox properties (Figure 2.17). They suggested the different 
microstructures of co-adsorbed and exchanged SAMs to the SAMs with 
separated Fc units (no Fc-Fc interactions) and aggregated Fc units (Fc-Fc 
interactions), respectively.  
 
Figure 2.17 Proposed structures (left) and CVs (right) of mixed SAMs of SC11Fc and SC11 
(χFc = 0.10) prepared via (i) co-adsorption and (ii) post-assembly exchange process. The figure 




 reported CVs of mixed SAMs of SCn attached 
with 2,2,6,6-tetramethylpiperidine-1-oxyl (SCn-TEMPO) and SCn. The CVs 
behavior of these SAMs are in qualitative (i.e., shape) and quantitative (i.e., 
Epa, Efwhm) agreement with CVs behavior simulated from the interaction model 
proposed by Laviron
24




Figure 2.18 Left: experimental and simulated CVs behavior (left), and CVs parameters (i.e., 
Epa, Efwhm; right) of the TEMPO-SAMs (n = 15) mixed with different ratios of SC10, leading to 




. The experimental CVs were performed in 0.1 
M Bu4NPF6/CH2Cl2 at 0.1 V/s. The figure has been adapted from references 126 and 127.    
 
2.4. Conclusions & Outlook 
Key to developing redox-active SAMs-based devices is the ability to 
precisely control the charge transport properties (or called redox behavior) of 
the SAMs inside devices by changing in chemical and structural of the SAMs. 
This level of control requires a deeper understanding of the origin of the 
changes in their redox behavior as a result of changes in structures of the 
SAMs. In order to achieve this, minimizing defects of SAMs by well-
controlled experimental conditions (extrinsic defects) is required to maximize 
the quality of SAMs. Therefore, we are able to investigate the origin of non-
ideal electrochemical behavior of redox-active SAMs caused by changing the 
structure of the SAMs (intrinsic defects). Experiments involving redox-active 
SAMs are dramatically complicating the interpretation of data. Many 
experimental and theoretical studies have been proposed to explain the origin 
of non-ideal electrochemical behavior, e.g., peak broadening, peak shifting, 
and peak splitting, related to the structural properties and defects of the SAMs. 
34 
 
Nevertheless, a simple model to explain all of these features in non-ideal 
electrochemical behavior will give rise to a more detailed understanding in the 
charge transport properties correlated to changes in structures of the SAMs 
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Chapter 3  
Electrochemistry of Self-Assembled 




Abstract: We studied the electrochemical behavior of self-assembled 
monolayers (SAMs) of n-alkanethiolates with ferrocenyl (Fc) termini on gold 
(SCnFc, n = 0 – 15) in relation to their supramolecular structures 
characterized by photoemission spectroscopy (PES) and theoretically 
confirmed by molecular dynamic (MD) simulations. The origin of non-ideal 
features commonly observed in cyclic voltammograms (CVs) of these SAMs 
were described in terms of intermolecular- and molecule-electrode 
interactions: Fc-Fc, Fc-alkyl chain (Fc-Cn), alkyl-alkyl chain (Cn-Cn), and Fc-
Au electrode interactions. These interactions play important roles in the 
degree of order, and packing densities of the SAMs. We distinguished mainly 
three supramolecular structures of the SAMs using a Gaussian-Lorentzian 
fitting of the CVs, consisting of peak I, II and III. Peak I (and Iʹ) refers to 
ordered SAMs  dominated by Fc-Fc interactions (and Fc-Au interactions for 
short SAMs with n < 5), peak II refers to less ordered SAMs that suffer from 
                                                 
*
 Parts of this work has been published: Nerngchamnong, N.; Yuan, L.; Qi, D. C.; Li, J.; 
Thompson, D.; Nijhuis, C. A. Nat. Nanotechnol. 2013, 8, 113; and has been submitted for 
publication: Nerngchamnong, N.; Thompson, D.; Cao, L.; Yuan, L.; Jiang, L.; Roemer, M.; 
Nijhuis, C. A.  
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defects dominated; these SAMs are dominated by Fc-Cn interactions, and peak 
III (and III’) refers to a densely SAMs packing due to stronger Cn-Cn 
interactions when n increases (and when Fc groups stand up more for SAMs 
with n is even; n = 8, 10, 12). By varying n and odd-even effect, we concluded 
that the structures of short SAMs (n = 0 – 4) are dominated by Fc-Au 
interaction, while tall SAMs (n > 4) are dominated by Cn-Cn interactions, 
resulting in odd-even effect in medium SAMs and appearance of peak III. We 
also showed that defects originated from the surface roughness of substrates 
and the purity of precursors cause changes in CVs, resulting in broadened 
peaks (peak II dominate) and the appearance of new peaks at lower potential 
(peak IV). Based on these results we improved our understanding of the 




The electrochemical behavior of SAMs of n-alkanethiolates with 
ferrocenyl (Fc) termini on Au, S(CH2)nFc ≡ SCnFc, has been studied 
intensively
1-7
, because these SAMs serve as model systems to study the redox 
behavior of immobilized redox-couples on electrodes. In other words, to study 
charge transport across an organic-metal interface with the organic component 
having a thickness of exactly one molecule without the limitation of the 
diffusion of redox-active species from solution to the electrodes and vice versa. 
The interpretation of the electrochemical data generated by these SAMs in 
relation to their structure is still problematic because the origins of features 
commonly observed in cyclic voltammograms (CVs) are poorly understood. 
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Deviations from ideal Nernstian behavior
8
 (see Chapter 2 Section 2.3 and 





, appearance of multiple redox waves (or so-
called peak splitting)
3, 9, 12-13
, and shifts in the peak oxidation and reduction 




In this chapter, we propose a model based on intermolecular- and 
molecule-electrode interactions to rationalize the shape of the CVs recorded 
for SAMs of SCnFc with n = 0 – 15 on ultra-flat template-stripped gold (Au
TS
) 
electrodes. By varying the value of n, we controlled the intermolecular 
interactions, i.e., the Fc-Fc, Fc-alkyl chain (Fc-Cn), alkyl-alkyl chain (Cn-Cn), 
and the Fc-Au electrode interactions, which play important roles in the 
packing of the SAMs, e.g., lying-down vs. standing-up phases, SAM packing 
densities, or the degree of the order, which, in turn, affect the electrochemical 
behavior of these SAMs, observed as peak broadening, peak splitting, peak 
shifting, packing densities. Figure 3.1 gives an example and shows abnormal 
anodic peak shift and broadening in a CV of SC2Fc SAM on Au (relative to 
normal behavior; here shown for SC11Fc); this figure also indicates the 





Figure 3.1: Schematic illustration of SAMs of SCnFc with n = 2 and 11. The arrows indicate 
the supramolecular interactions: i) Fc-Fc interactions, ii) Fc-Cn interactions, iii) Cn-Cn 
interaction, iv) Fc-Au interactions (van der Waals interaction), and v) Fc-Au interactions 
(orbital-hybridization). The changes in intermolecular interactions when n changes influence 
electrochemical behavior of the SAMs, observed as peak broadening, peak splitting, peak 
shifting, and packing densities. 
 
The successful use of electrochemical data in relation to the structural 
properties of SAMs has been limited by the lack of understanding of the role 
of variations in the molecular environment of Fc redox-groups caused by 
defects of SAMs. To explore electrochemical behavior induced by the 
supramolecular structure of the SAMs, we minimized defects in the structure 
of SAMs by using freshly prepared ultra-flat and clean template-stripped gold 
(Au
TS
) substrates and freshly purified thiol precursors to minimize impurities, 
such as disulfides or from the ambient, that lower the quality of the SAMs. 
Here we show that many of these defects originated from the surface 
roughness and the purity of precursors, cause deviation from the ideal 
electrochemical behavior, resulting in broadened peaks and the appearance of 
new peaks in terms of intermolecular interactions among molecules in SAMs. 
In the following sections we will discuss how the intermolecular interactions 
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cause the shape of the CVs to deviate from ideal electrochemical behavior of a 
series of SCnFc SAMs on Au with n = 0 – 15. 
 
3.2. Results & Discussions 
3.2.1. Synthesis  
We followed synthetic procedures described in the literatures
14, 16-17
 to 
synthesize HS(CH2)nFc where n = 0 – 15 as outlined in Figure 3.2. The 
experimental details of these synthetic procedures and structural 
characterizations are reported in the Appendix page 151 – 161. Here we only 
give a brief description. 
In general, ferrocene was functionalized via a Friedel-Crafts acylation 
with bromoacyl chlorides, Br(CH2)n-1COCl, which were prepared from their 
corresponding carboxylic acids, Br(CH2)n-1COOH, using oxalyl chloride. The 
carbonyl group was reduced by Clemmensen reduction, followed by 
conversion of the bromide to the thiol functionality via reaction with thiourea 
followed by in situ basic hydrolysis (Figure 3.2A). We isolated the thiol 
compounds (HSCnFc) and their corresponding disulfides (FcCnSSCnFc) by 
column chromatography over silica gel with hexane as eluent. The first 
fraction is the thiol and the second fraction is the disulfide.  
Since the starting compounds Br(CH2)n-1COOH; n = 7, 13 and 14 are 
not commercially available, the Br(CH2)6COOH was prepared via hydrolysis 
of Br(CH2)6COOEt (Figure 3.2B). The Br(CH2) n-1COOH; n = 13, 14 were 
prepared by reacting  Br(CH2)nBr (n = 11 or 12) with diethyl malonate, 




Figure 3.2: The general synthetic procedures of HS(CH2)nFc where n = 3 – 15 (A), with the 
synthetic procedure of Br(CH2)n-1COOH starting compounds (which are not commercially 
available) where n = 7 (B), and n = 13 and 14 (C). The synthetic procedure of HS(CH2)nFc 
where n = 0 (D), n = 1 (E), and n = 2 (F) 
 
Exceptions are HSCnFc, n = 0 – 2, which were prepared by different 
strategies described in the literatures.
18-19
 We prepared HSFc compound by 
reacting lithioferrocene (FcLi) with sulfur to give diferrocenyl disulfide, 
(SFc)2, followed by reduction of the disulfide to the thiol derivative (Figure 
3.2D). We prepared HSCH2Fc by reacting HOCH2Fc with thioacetic acid 
(AcSH) to give the thioacetate, AcSCH2Fc, followed by conversion of the 
thioacetate to the thiol HSCH2Fc by basic hydrolysis (Figure 3.2E). To 
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prepare HS(CH2)2Fc, we reduced HOOCCH2Fc by lithium aluminium hydride 
(LiAlH4) to yield HO(CH2)2Fc. The OH group was converted into the Br 
group by phosphorus tribromide (PBr3), to give Br(CH2)2Fc, followed by 
conversion of Br group to the thiol HS(CH2)2Fc using thiourea followed by 
basic hydrolysis (Figure 3.2F).  
 
3.2.2. Formation of SAMs 
We controlled four experimental conditions to minimize the defects 
when we prepared the SAMs: i) to form SAMs, we used ultra-flat Au
TS
 
substrates providing large atomically flat grains and small areas of exposed 
grain boundaries, ii) to form clean metal surfaces, we template stripped a 
surface and immersed the TS substrates in the solution containing thiols within 
5 s to minimize contamination from the ambient, iii) to obtain pure thiols, we 
only used freshly prepared thiol precursors, and iv) to minimize side reactions, 
e.g., oxidation of the metal-thiolate bonds, we purged the thiol solutions with 
N2 gas for 15 min prior immersion of the substrates into this solution.  
We formed the SAMs using ethanolic solutions (2 – 3 mM) of the 
corresponding thiols under an N2 atmosphere over a period of time of three 
hours at room temperature. The substrates were rinsed gently by ethanol and 
dried in a stream of N2 gas.     
 
3.2.3. Structural Characterization of the SAMs 
To relate the supramolecular structure of the SAMs to their 
electrochemical behavior, we structurally characterized these SAMs 
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experimentally by ultraviolet photoelectron spectroscopy (UPS), near edge X-
ray absorption fine structure (NEXAFS) spectroscopy, and molecular dynamic 
simulations (MD). 
Figure 3.3 shows the structural characterization of the SAMs by MD 
performed by Damien Thompson (a full description of SAMs formation and 
MD calculation are reported in the literature
20
). Figure 3.3A shows the side 
view of the prevalence of the SAM packing with upright chains for the SAM 
with n = 9. Figure 3.3B shows the computed SAMs packing energies of each 
particular intermolecular interaction for n = 2 – 15, consisting of Cn-Cn 
interaction, Fc-Fc interactions, Fc-Cn interactions, total interactions of Fc unit 
(Fc-Cn + Fc-Fc), and full molecule packing energies. This Figure shows that 
the Fc-Fc and Fc-Cn interactions are nearly constant as a function of n, while 
the Cn-Cn interactions increase with increasing n. The Fc-Fc interactions 
dominate the packing structure when n < 5, whereas Cn-Cn interactions start to 
dominate when n ≥ 5. Indeed, the UPS data and DFT calculations (see below) 
show the domination of Fc-Au interactions in the SAMs packing when n is 
small (n ≤ 5), which was excluded in the MD, resulting in the underestimation 
of packing energies for the region of short SAMs. Therefore, we consider 
packing energies calculated by MD for the SAMs when the Fc-Au interactions 
are negligible (n > 5).  
Figure 3.3C presents the deviations of full molecule packing energies 
(Epack) of the SAMs with n = 6 – 15 between n is even (neven) and n is odd 
(nodd), showing that the Epack values of the SAMs with neven is slightly higher 
(by 0.4 ± 0.6 kcal/mol) than those with nodd. This odd-even difference (ΔEpack) 
is the deviation of the Epack values estimated from the averaging over the 
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second derivatives around each point at n – 1 and n + 1 (Figure 3.3D).  This 
so-called odd-even effect is induced because the Au-S-C bond angle is the 
same for all SAMs (~109.5°)
21
 (see Chapter 2 Section 2.2.1) which results in 




Figure 3.3 A) The chain packing of the SAMs with n = 9, showing the upright chain 
orientations. B) The packing energies of each particular intermolecular interaction in the 
SAMs of SCnFc, n = 2 – 15 as a function of n calculated by MD, showing Epack of Cn-Cn 
interaction, Fc-Fc interaction, Fc-Cn interaction, total Epack of full Fc unit, and full molecules. 
C) The Epack of the SAMs with neven (n = 6, 8, 10, 12, and 14) and nodd (n = 7, 9, 11, 13, and 
15). D) The odd-even differences ΔEpack of the SAMs at each n.  
 
To confirm the odd-even effect in the value of α, we determined α 
experimentally by NEXAFS. Figure 3.4A shows the NEXAFS spectra for 
SAMs of SC10Fc and SC11Fc recorded at an incident angle of θ = 90° and a 
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grazing angle of θ = 20°.22-23 Figure 3.4B shows the value of α obtained by 
NEXAFS and MD as a function of n. The theoretically and experimentally 
determined values of α are in a good agreement from which we conclude that 
MD simulations represent our SAMs well. For the SAMs with n > 5, the Fc 
groups with neven have a smaller α value and stand up more than with nodd by 5 
± 2° on average. This allows SAMs with neven to pack better (by 0.4 ± 0.6 
kcal/mol according to MD in agreement with CV data; see Section 3.2.4.1) 
due to more favourable Cn-Cn interaction. Moreover, the odd-even effect of α 
value is more pronounced (~11 ± 4°) for the short SAMs (n ≤ 5), which 
structures are dominated by Fc-Fc interaction over Cn-Cn interactions (see 
below for more details), than for tall SAMs.    
  
 
Figure 3.4 A) The NEXAFS spectra for SAMs of SC10Fc and SC11Fc recorded at an incident 
angle of θ = 90° and a grazing angle of θ = 20°. B) The average tilt angle α of Fc unit as a 
function of n, derived from NEXAFS spectra. 
 
Figure 3.5A shows the UPS spectra of the SAMs and similar to 
previous reports
24-25
, we assigned the signal around 1 – 2.5 eV to the HOMO 
centered at the Fc. Figure 3.5B shows the ionization potential (IP) as a 
function of n. The IP values slightly decrease from 5.3 eV to 5.1 eV with 
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decreasing n from 15 to 7, but decrease to 4.6 eV when n decreases from 7 to 
1. In addition, Figure 3.5A shows that the intensity of the signal decreases 
with decreasing n when n < 7. We attribute (see Chapter 4 Section 4.2.4.2) 
these observations to hybridization of the HOMO with Au d
5
 orbitals of the 
metal electrode when n ≤ 2. Our results indicate that apparently two, or more, 
CH2 units effectively prevent hybridization of the HOMO with the Au surface 
and keep the HOMO localized on the Fc units. MD shows that a significant 
fraction of the Fc units for the SAMs with n = 3 – 5 are close enough to the Au 
surface to form van der Waals interactions.
26
 The Fc-Au van der Waals 
interaction strength of 173 ± 12 meV has been estimated by Grimmes
27
 
corrected DFT calculations by us (see Chapter 4 Section 4.2.4.2). We believe 
that this van der Waals shifts of the HOMO energy level toward the Fermi-
level of the electrode when for 2 < n < 7. 
  
 
Figure 3.5 A) The valence band close to Fermi level for SAMs of SCnFc, showing HOMO 
states around 1 – 2.5 eV. B) The IP (eV) of HOMO energy of SAMs of SCnFc determined by 





3.2.4. Electrochemical Characterization of the SAMs 
3.2.4.1. The Role of Alkyl Chain Length 
Figure 3.6 shows the CV of SCnFc as a function of n at a scan rate of 
1.00 V/s and Table 3.1 lists the electrochemical characteristics. We make the 
following five general observations regarding the shape of the CVs. i) The 
values of the Epa and Epc increase from 317 to 534 meV and from 276 to 434 
meV, respectively, with decreasing n. ii) The value ∆Ep increases from 41 to 
roughly 100 meV with decreasing n. iii) The value of  Efwhm increases from 57 
to 237 meV with decreasing n. iv) The ratio Ipa/Ipc is close to 1 and 
independent of n. v) The CVs appear to consist one redox-wave for SAMs 
with n ≤ 13 (below we show that this is not always the case), but new peaks 
are clearly visible when n = 14 – 15.  
Table 3.1 The values of Epa, Epc, E1/2, ∆Ep, Efwhm, and ГFc of SAMs of SCnFc at a scan rate of 
1.0 V/s.  
a
 The expression µ ± σ represents the means (µ) with standard deviation (σ) of data.   
b
 E1/2 = (Epa + Epc)/2; 
c
 ∆Ep = |Epa – Epc|; 
d























0 534 ± 21 434 ± 2 484 ± 11 100 ± 11 237 ± 5 2.11 ± 0.35 
1 407 ± 8 356 ± 2 381 ± 5 50 ± 11 321 ± 12 0.89 ± 0.30 
2 437 ± 6 314 ± 55 376 ± 15 124 ± 30 213 ± 12 2.79 ± 0.09 
3 401 ± 11 310 ± 1 355 ± 6 91 ± 6 125 ± 2 2.77 ± 0.01 
4 363 ± 3 287 ± 1 325 ± 2 76 ± 2 130 ± 2 2.96 ± 0.03 
5 297 ± 10 256 ± 3 276 ± 6 41 ± 6 87 ± 2 4.73 ± 0.09 
6 338 ± 6 294 ± 3 316 ± 5 45 ± 5 131 ± 1 3.08 ± 0.08 
7 306 ± 1 275 ± 2 290 ± 1 31 ± 1 72 ± 1 4.17 ± 0.52 
8 331 ± 4 292 ± 1 311 ± 2 39 ± 2 98 ± 1 4.01 ± 0.04 
9 313 ± 1 289 ± 1 301 ± 1 24 ± 1 88 ± 1 3.67 ± 0.15 
10 330 ± 1 296 ± 1 313 ± 1 35 ± 1 80 ± 1 4.55 ± 0.04 
11 316 ± 1 283 ± 1 299 ± 1 33 ± 1 70 ± 2 4.79 ± 0.02 
12 350 ± 1 309 ± 1 330 ± 1 42 ± 3 97 ± 14 4.68 ± 0.04 
13 319 ± 4 289 ± 2 304 ± 3 30 ± 3 71 ± 1 4.33 ± 0.05 
14 330 ± 1 296 ± 1 313 ± 1 34 ± 1 84 ± 3 5.38 ± 0.11 





Figure 3.6 CVs of the SAMs of SCnFc with n = A) 0 and 1, B) 2 and 3, C) 4 and 5, D) 6 and 
7, E) 8 and 9, F) 10 and 11, G) 12 and 13, and H) 14 and 15 on Au
TS
, with aqueous 1.0 M 
HClO4 as electrolyte solution, a Ag/AgCl as a reference electrode, recorded at a scan rate of 
1.0 V/s.  
 
Figure 3.7 shows the values of Epa and Epc (panel A), E1/2 (panel B), 
ΔEp (panel C), and Efwhm (panel D) as a function of n. As indicated in the 
Figure, we identified three regimes at which the electrochemical behavior 
changes significantly (regime 1 with n = 0 – 4, regime 2 with n = 5 – 13, and 





Figure 3.7 A) The Epa and Epc, B) the E1/2, C) the ∆Ep, and D) the Efwhm of the SAMs of SCnFc 
as a function of n. 
 
To elucidate the origin of the different electrochemical behavior of 
these SAMs in more detail, we deconvoluted the contributions to the anodic 
signal of the CVs by fitting the curves to one or more Gaussian(s) and one 
Lorentzian. In each combination, the lower-potential peak (assigned as peak I) 
is fitted to a Gaussian with three free parameters (peak position, peak width, 
and peak area); while the higher-potential peak (assigned as peak II) is fitted 
to a Lorentzian with the same free parameters, similarly observed by others
28-
29
 (see discussion below). The Gaussian-Lorentzian combination fit well to the 
data (R
2
 > 0.99), except for n = 8, 10, 12, 14 and 15. We found that the CVs of 
these SAMs deconvoluted into three peaks. The additional peak at high 
potential is fitted to a Gaussian (assigned as peak III) with the same free 
parameters. Figure 3.8 shows the fits of the models to the CVs and Figure 3.9 
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shows the Epa and ГFc values of peak I, II, and III as a function of n. Table 3.2 
lists the voltammetric parameters obtained from peak deconvolution. 
Although CVs fit well to the models, the origin of these three peaks is 
currently not clear. In Chapter 2 Section 2.3.2.4 we mentioned that  Lee et al.
28
 
proposed that peak I (Gaussian fit) and peak II (Lorentzian fit)  originate from 
isolated state (no lateral intermolecular interactions among Fc groups) and 
clustered state (the intermolecular interaction of Fc groups and its neighbor Fc 
groups) of Fc units in mixed SAMs of SC12Fc and SC10, respectively. 
However, this explanation is not valid here since we used one component 
SAMs (SCnFc). Also, the intermolecular interactions between redox-active 
group (i.e., Fc group) and non-redox-active group (i.e., CH2 units) have not 
been addressed.   
In our case, we suggest that peak I represent Fc moieties in direct 
contact with the electrolyte that are predominantly interacting with other Fc 
units via Fc-Fc interactions. In the Section below, we show that peak II 
represents Fc units in the disordered parts of the SAMs that contain more 
defects, mainly interacting with CH2 chain (Fc-Cn interactions). Peak III is 
consistent with broader spatial distribution of Fc group in the SAMs due to 
strong Cn-Cn interactions in the SAMs. Because of the mismatch in diameters 
between the Fc units and the alkyl chains, the Fc units cannot be in the same 






Figure 3.8 The peak deconvolution of the anodic peaks of SAMs of SCnFc with n = 0 – 15 
with peak I in black, peak II in red, and peak III in blue. 
 
 
Figure 3.9 The peak potential (A) and the surface coverage (B) of the individual peak as a 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Regime 1. Figure 3.6A – C show the CV peak of the SAMs in region 1 
for n = 0 – 4. We observed a single but broad redox peak when n = 0 or 1 
(Efwhm = 237 ± 5 and 321 ± 12 meV, respectively), and the values of Efhwm 
decrease with increasing n. Figure 3.7A shows that the values of Epa and Epc 
shifts anodically with decreasing chain length from n = 4 to 0 by ~171 and 147 
meV, respectively. We attribute these observations to Fc-Au electrode 
interactions. In the previous Section we described that the Fc orbitals 
hybridize with the Au d
5
 orbitals and we believe that this stabilization of the 
Fc HOMO causes the Epa and Epc to shift anodically and increase the Efwhm for 
n < 3. This hybridization is prevented when n ≥ 3 and for these SAMs the 
(smaller) anodic shifts are caused by the Fc-Au van der Waals interactions, 
and the values of Efwhm are roughly constant.  
Figure 3.8A – E show the peak deconvoltuion of anodic peaks of the 
SAMs in region 1 for n = 0 – 4. We observes a single peak when n = 0 – 1, but 
a second peak appeared (peak II) when n ≥ 2. As we mentioned above that the 
Fc-Au interactions (orbital hybridization) dominate to the packing structure of 
the SAMs with n < 3. The orbitals of the Fc units are most strongly hybridized 
when n = 0 or 1 and the CVs are dominated by a single wave that we fitted to 
a single Gaussian with high values of Efwhm of 228 ± 6 and 297 ± 2. Therefore, 
the shape of the CVs of these SAMs are dominated by the orbital 
hybridization of Fc and Au, thus we assigned this peak as peak Iʹ due to the 
strong covalent Fc-Au interactions.  
For SAMs with n = 2 – 4, the data were fitted to two peak as explained 
above. We fitted the peak I to a Gaussian with the decrease of Efwhm when n 
increases (from 177 to 110 mV). Therefore, for this regime we labelled the 
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first peak as peak I which originates from Fc-Fc interactions and non-covalent 
Fc-Au interactions, (i.e., van der Waals interactions). We relate peak II to Fc-
Cn interaction associated with the SAMs at defect sites (In Section 3.2.4.2, we 
showed that the ratio of peak I and peak II provides detailed information about 
the defects of SAMs). Thus Fc-Fc and Fc-Cn interactions both contribute to 
the shape of the CVs. The values of Epa,I and Epa,II for SAMs in this regime 
decrease with increasing value of n from 2 to 4 (from 430 ± 13 to 353 ± 6 mV, 
and from 579 ± 26 to 460 ± 18 meV, respectively) due to decreasing non-
covalent Fc-Au interactions when n increases. In contrast, these values for 
medium and long chain seem to remain roughly constant at 413 ± 32 mV and 
336 ± 21 mV, respectively (see regime 2). Figure 3.9B shows that the values 
of ГFc,tot for short SAMs are lower (looser packed) than longer SAMs due to 
weak Cn-Cn interactions, and the structures of these SAMs are dominated by 
peak I (~80% of the ГFc,tot). 
The packing density is driven by the formation of Au-S bonds and SCn 
forms a (√3 × √3)𝑅30° lattice on Au(111) with results in a packing density 
of 4.6 molecules/nm
2




). In Chapter 5, we show that the Fc 
packing density in the crystal structures (HSCnFc for n = 3 and 4) in the bc-
plane is 2.3 molecules/nm
2




) and 2.0 molecules/nm
2





), respectively. Scanning tunneling microscopy revealed that 
indeed this mismatch in the size of the Fc units (diameter is 0.67 nm) and the 
CH2 chain (diameter is 0.45 nm), and differences in the Fc and S lattice sizes, 
result in the build-up of strain in SCnFc SAMs (see Section 5.2.5). This strain 
is relieved via row defects where the sulfur atoms skip one row of Au atoms. 
The STM results support our model that the Fc units mainly exposed to the 
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electrolyte, and some are a bit more buried at row defects (but are not back 
bending), resulting in an agreement with the appearance of peak I and II, 
respectively, in CVs data. 
Regime 2. For the SAMs with values of n = 5 – 13, the CV appears to 
consist of a single redox peak (Figure 3.6C – G), but closer examination 
reveals that the signal consists of two or three peaks. Figure 3.7A shows that 
in this regime, the Epa and Epc values are 25 ± 9 mV higher for SAMs with 
neven than for nodd. Figure 3.8F – N shows CVs for SAMs with n = 5 – 13 fitted 
to a combination of Gaussians and Lorentzians. The CVs of the SAMs with 
nodd = 5 – 7, 9, 11, or 13, are composed of two peaks, but the CVs of the 
SAMs with neven = 8, 10, or 12, are composed of three peaks.  
From the fitting results, we derived the surface area underneath each 
peak from which we determined the value of ГFc for each peak and ГFc,tot       
(= ГFc,I + ГFc,II + ГFc,III) using equation 3.1 (Section 3.4.2). Figure 3.9B shows 





, with a small odd-even variation in the range of value of  n 
= 5 – 13 of 0.7 ± 0.2 × 10-10 mol/cm2. The value of ГFc,II remains nearly 




 for the SAMs of n = 2 – 7. For n > 7, we 
observed the appearance of peak III for neven. MD shows that the neven packs 
better than the nodd by 0.4 ± 0.6 kcal/mol as discussed in Section 3.2.3. This 
odd-even effect originates from the fact that the Fc units are standing up more 
for SAMs with neven which enhance the Cn-Cn interactions, resulting in 
stronger lateral interaction among Fc units. This number is very close to the 
difference in the Epa,I values for nodd and neven by 25 ± 9 mV (or 0.6 ± 0.2 
kcal/mol). During oxidation of the SAMs, the Fc units bind to the perchlorate 
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counter-ions and during oxidation the supramolecular structure is rearranged 
(see Chapter 2 Section 2.3.2.3).
30
 For SAMs that pack well, this reorganization 
of the SAMs is more difficult resulting in an increase of the Epa and the 
appearance of peak III for SAMs with neven. The peak III fits to a Gaussian 
with high Efwhm of ~200 mV, indicating the strong lateral interactions of Fc 
unis in the SAMs. Thus we propose that appearance of peak III originates 
from the more standing up Fc units in neven caused stronger lateral 
intermolecular interaction in the SAMs (more favourable Cn-Cn interactions). 
The origin of peak III is discussed in more details in Regime 3. 
Regime 3. For the SAMs with n = 14 or 15, two peaks are clearly 
visible by eye (Figure 3.6F) and also these CVs were deconvoluted into three 
peaks (Figure 3.8O and P). As described above, we attribute peaks I and II to 
Fc units predominantly interacting with other Fc units or CH2 chains. We 
propose the origin of peak III as follows. 
Usually back bending
1, 6
 (back folding of the Fc moieties toward the 
electrode) is used as to explain to the appearance of the new peak (peak III) by 
eye, but our results do not agree with this hypothesis for the following three 
reasons. i) The CVs always consist of at least two peaks (except when the 
molecular orbitals hybridize with the electrode for n = 0 – 1), including when 
the length of the CH2 chain is smaller than the dimension of the Fc units (i.e., 
back bending is not possible because of these size constraints). ii) The strong 
van der Waals interactions between CH2 chains (for large n) make it 
energetically unfavourable for the Fc units to back-bent which would require 
interruption of these large van der Waals interactions by the smaller Fc-Cn 
interaction (Cn-Cn interactions are larger than Fc-Fc + Fc-Cn interactions when 
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n > 10; Figure 3.3). iii) Back-bending would require the formation of 
energetically unfavourable Gauche defects in the CH2 chains, but the MD 
simulations show the number of Gauche defects per n is constant when n > 
2.
20
 In the case of the tall SAMs, we propose that the mismatch in size 
between Fc moiety and CH2 units results in the build-up of strain which can be 
relieved by bending of the alkyl chain (without the formation of Gauche 
effects). Due to strong Cn-Cn interaction over Fc-Fc + Fc-Cn interactions, Fc 
units are forced to come closer, but they cannot be in the same plane due to 
steric hindrance of Fc groups. Bending of the CH2 chains only cause a small 
energy penalty but allows the Fc units to pack underneath each other resulting 
in a fraction of Fc units directly exposed to the electrolyte predominantly 
interacting with neighboring Fc units, and a fraction of Fc units interacting 
with CH2 units and (partly) shielded from the electrolyte, resulting in the 
appearance of new peak (peak III). Also, Figure 3.9B shows that the ГFc,tot of 





; a close-packed hexagonal structure of Fc, estimated by 
Chidsey et al.
1
) which supports this claim.  
We note that peak III in regime 2 is not obviously observed by eye and 




) than those of in 
regime 3. We suggest that the Cn-Cn interaction of the SAMs with neven in 
regime 2 (smaller n) could not largely overcome the interactions of Fc units 
(Fc-Fc + Fc-Cn interactions) to force the Fc groups pack underneath each 
other; therefore, less fraction of Fc units (compared to those in regime 3) are 
buried in the SAMs and shielded from electrolyte, resulting in the lower ГFc,III 
and similar ГFc,tot values to the theoretical values. 
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3.2.4.2. The Role of Surface Roughness 
Different methods are used to clean the gold surface prior self-
assembly of the monolayer.
31-32
 The effect of these cleaning steps on the 
quality of the metal surface, e.g., surface roughness, size of the grains, or size 
of the grain boundaries, are not clear because mostly the CV data are reported 
without characterization of the topography of the gold electrode. We 
hypothesize that rough surfaces contain a larger fraction of disordered SAMs 
(induced by grain boundaries for instance) than smooth surfaces. 
To investigate how the surface topography affects the shape of the 
CVs, we prepared Au substrates by four different  methods: i) template-
stripping (TS), ii) sputtering (SP), iii) e-beam metal depositing (ED), and iv) 
mechanical polishing by slurry alumina (PL). Figure 3.10 shows the AFM 
images of these surfaces from which we derived the root-means-square (rms) 
surface roughness.  









, and Tables 3.3 and 3.4 list the 
electrochemical parameters. The values of Efwhm and ΓFc increase with 
increasing rms, from which we conclude that SAMs on rough surfaces are 
inhomogeneous. To quantify the inhomogeneity of the SAMs more precisely, 
we deconvoluted the CV peaks into peaks I and II (we did not observed more 
peaks), using the same procedure as described above. Peak I and peak II are 
excellently fitted to Gaussians and Lorentzians, respectively. Figure 3.11E – H 










), C) e-beam metal depositing (Au
ED
), and D) polishing (Au
PL
). The inset 
shows root-means-square (rms) surface roughness determined over an area of 1.0 × 1.0 μm2. 
 
 
Figure 3.11 CVs and Peak deconvolution of the anodic peaks of the SAMs on Au
TS
 (A and 
E), Au
SP
 (B and F), Au
ED
 (C and G) and Au
PL














 obtained from AFM. The 
Epa, Epc, ∆Ep, Efwhm, and ГFc of SAMs of SC11Fc on these Au substrates at scan rate 1.00 V/s.   
a
 ∆Ep= |Epa – Epc|. 
b
 ГFc = Qtot/nFA.  
 
Table 3.4 Voltammetric parameters obtained from peak deconvolution for the anodic peaks of 











Peak I (Gaussian fit)  Peak II (Lorentzian fit) 









AuTS (1.0)a 310 ± 1 62 ± 1 73 ± 9  403 ± 1 38 ± 1 109 ± 10 0.996 ± 0.001 
AuSP (1.8)a 309 ± 1 58 ± 1 108 ± 2  407 ± 8 42 ± 1 124 ± 12 0.993 ± 0.001 
AuED (3.8)a 308 ± 4 50 ± 1 123 ± 6  410 ± 9 50 ± 1 136 ± 2 0.995 ± 0.002 
AuPL (17.5)a 344 ± 15 35 ± 8 147 ± 10  429 ± 37 65 ± 8 244 ± 22 0.994 ± 0.002 
a




 = the coefficient of determination of the fit to the experimental data. 
 
Figure 3.12A shows the Epa,I and Epa,II of the SAMs as a function of 







roughness of surface is 1.0 – 3.8 nm), the values of Epa,I and Epa,II  are nearly 
constant with an average of 309 ± 4 and 407 ± 9 mV, respectively. It seems 
that the values of Epa,I and Epa,II  increases to 344 ± 15 and 429 ± 37 mV, 
respectively, for rough Au
PL
 surfaces but we also note that the error bars are 
large. Peak II always appears at higher potentials than peak I, or, in the other 
words, the Fc units represented by peak II are more difficult to oxidize than 
the ones represented by peak I. Figure 3.12B shows the Efwhm,I and Efwhm,II of 
the SAMs as a function of rms. The Efwhm increases with increase of rms, 


























 1.0 316 ± 1 283 ± 1 33 ± 1 70 ± 2 4.79 ± 0.02 
Au
SP
 1.8 310 ± 2 236 ± 9 73 ± 6 126 ± 8 5.43 ± 0.08 
Au
ED
 3.8 308 ± 5 265 ± 6 43 ± 1 123 ± 6 6.58 ± 0.18 
Au
PL
 17.5 357 ± 25 296 ± 14 60 ± 29 193 ± 35 16.7 ± 3.1 
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and/or the  presence of Fc groups in different environments. Figure 3.12C 
shows the ΓFc,I, ΓFc,II, and ΓFc,tot as a function of rms. The values of ΓFc,tot 
increase with increase of rms because we did not correct our data for changes 
in the effective surface area and we therefore examine the relative values of 
ΓFc,I and ΓFc,II (Figure 3.12D). The ratio of ΓFc,II/ ΓFc,I increases with increasing 
roughness.  
We explain these observations as follows. The appearance of peak II 
indicates that the Fc units are interacting to CH2 units and shielded from the 
electrolyte solution because more energy is required to oxidize and rearrange 
the SAMs to compensate for counter-ion binding (i.e., ClO4
-
). We suggest that 
the peak II relates to disordered parts of the SAMs which suffer from defect 
caused by mismatch size between Fc groups and CH2 units, leading to packing 
of Fc groups underneath each other to relieve the strain in a form of defects 
(see Chapter 5). Therefore, a fraction of Fc units packs underneath each other 
and are shielded from the electrolyte solution by the others. Also, the rougher 
surface induces disorder of the SAMs and causes peak broadening and the 
increase of ratio of ΓFc,II/ ΓFc,I. We propose that because of defects (SAMs at 
grain boundaries cannot pack well), Fc-Cn interactions, besides Fc-Fc 
interactions, are important. Thus, we propose that the origin of the two peaks 





Figure 3.12 A) the Epa,I and Epc,II, B) the Efwhm, C) the ГFc,I, ГFc,II, and ГFc,tot and D) the ratio of 
ГFc,II/ГFc,I as a function of surface rms roughness, represented in black, red and green color, 
respectively. 
 
3.2.4.3. The role of Impurities 
The effect of impurities on the shape of the CVs data is poorly 
understood. Although we cannot investigate the influence of all potential 
impurities, we choose to study the effect of the corresponding disulfide 
(FcC11SSC11Fc) because thiols form disulfides in ambient conditions. Thus, 
the disulfide analogues are likely the most common impurities in most studies. 
Figure 3.13 shows the changes of electrochemical behavior of SAMs 
of SC11Fc with different fractions of the disulfide, χSS. These data show that 
even for small values of χSS ≥ 0.03 the shape of the CV changes significantly 
and a third peak appears at low potential (assigned as peak IV). To examine 
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this new peak in more detail, we used the same procedure as described above 
to deconvolute the CV data (Figure 3.14). We found that peak IV fitted well to 
a Gaussian. Table 3.5 lists the voltammetric parameters obtained from peak 
deconvolution.  
 
Figure 3.13 CVs and peak deconvolution of SAMs of SC11Fc with different fractions of its 
corresponding disulfide, χSS = 0.0, 0.015, 0.030, 0.050, 0.10, 0.15, 0.40, 0.60, 0.80, 1.0.  
 
Figure 3.15A shows the Epa,I, Epa,II and Epa,IV as a function of χSS. 
Compared χSS = 0 (pure HSC11Fc) and χSS  = 1.0 (pure FcC11SSC11Fc), the 
Epa,I and Epa,II of χSS  = 1.0 is lower (by 8 and 39 mV, respectively) than χSS = 
0, indicating that the SAMs formed by the disulfide requires less energy to 
oxidize Fc units in the SAMs. The Epa,I, EpaII, and Epa,IV of the SAMs is nearly 
constant as a function of χSS (328 ± 11, 425 ± 16 mV, and 262 ± 9, 
respectively). The peak IV, appeared at lower potential, indicates to weaker 
intermolecular interactions among the SAMs. Figure 3.15B shows the Efwhm,I, 
Efwhm,II, and Efwhm,IV as a function of χSS. The peak I and II is broader than peak 
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IV, indicating to stronger intermolecular interactions among the molecules in 
the SAMs. Also, for χSS = 1.0, the peak is narrower (the Efwhm,I and Efwhm,II are 
obviously higher in other χSS), which may indicate to weaker interactions 
among the SAMs. Figure 3.15C shows the ΓFc,I, ΓFc,II, ΓFc,IV, and ΓFc,tot as a 





when χSS increased from 0 to 1.0 indicating that the SAMs derived from 
FcC11SSC11Fc are more loosely than those derived from SC11Fc. The values of 
ΓFc,tot decrease when χSS increases. The values of ΓFc,IV seem to remain roughly 





from χSS of 0.03 to 0.80. The constancy of ΓFc,IV (about 20% of the ΓFc,tot) 
indicates that the formation of the SAMs from thiol and disulfide procursors is 
under equilibrium condition and independent to the χSS.  
Recently we reported angle resolved X-ray photoelectron spectra 
(XPS) for SAMs
33
 derived from FcC11SSC11Fc and found that presence of 
peak IV correlates with a Au-S bonding mode of a disordered chemisorbed 
species. These XPS data also indicate that these SAMs have lower surface 
coverages and average heights than SAMs derived from the corresponding 
thiols. Thus, these SAMs contain two different domains of chemisorbed 
species one that is ordered with the molecules standing-up, and the other that 
is disordered with molecules lying-down on the surface.
33
 For these reasons, 
we assign peak IV to Fc units in a disordered chemisorbed phase likely 
consisting of molecules that lie flat on the Au surface and only weakly interact 
with the neighboring molecules. We propose that the Fc units in this domain 
are readily accessible by the counter-ions from the electrolyte and that upon 
oxidation of the Fc units primarily weak van der Waals interaction with the 
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surface are broken (as indicted by the low value of Epa,IV), although we do not 
know how the non-covalent Au-Fc interaction affect the value of Epa,IV.  
 
Figure 3.14 The peak deconvolution of the anodic peaks of SAMs of SC11Fc with its 
corresponding disulfide, FcC11SSC11Fc impurity at χss = A) 0.0, B) 0.015, C) 0.03, D) 0.05, E) 
0.10, F) 0.15, G) 0.40, H) 0.60, I) 0.80, J) 1.0 
 
 























































































































































































































































































































































































































































































   




















































































































































































































   















































































































































































































































3.2.5. The Model for Structural and Electrochemical Behavior of 
SCnFc SAMs. 
Figure 3.15 shows a schematic illustration of the supramolecular 
structures of the SAMs with the possible intermolecular interactions between 
the molecules. As described above, we assign peaks I to Fc units 
predominantly interacting with other Fc units (Fc-Fc interactions), in which 
odd-even effect of Epa,I was observed. Peak Iʹ originates covalent Fc-Au 
interactions (i.e., orbital hybridization for n = 0 – 2) and peak I shifts when 
non-covalent Fc-Au interactions are important (n = 2 – 4). Peak II is referred 
to the disordered parts of the SAMs suffer from defects. Bending of the CH2 
chains to allow a fraction of Fc units to pack underneath each other and more 
shielded from the electrolyte, resulting in more interacting of Fc groups with 
CH2 units (Fc-Cn interaction). Peak III originates from strong Cn-Cn 
interaction over Fc-Fc + Fc-Cn interactions; therefore the Fc units are even 
burrier and more shielded from the electrolyte, resulting in a third peak. Peak 
IV is assigned to Fc units in a disordered chemisorbed phase due to weak 
























































































































































































































































































































































































































































We studied the Fc-SAMs to better understand the deviation of 
electrochemical behavior of the SAMs caused by defects from the quality of 
the Au surface and the purity of the thiol precursors. The origin of these 
electrochemical behavior of the SAMs can be described in terms of 
intermolecular interactions between the molecules in the SAMs: Fc-Fc 
interactions, Fc-Cn interaction, Cn-Cn interactions, and Fc-Au interactions (van 
der Waals interactions, and orbital-hybridization).  
The role of sample preparation: to study the role of intermolecular 
interactions on the electrochemical behavior of the SAMs, well-controlled 
experimental conditions are required to minimize the defect of the SAMs, 
resulting in improvement of reproducibility, and less variety of the data. We 
show that due to precautions of the quality of the substrate and the purity of 
the precursors, we observed electrochemical behavior related to their 
supramolecular structures. 
The role of intermolecular interactions: electrochemical characteristics 
of the SAMs can be described in terms of intermolecular interactions to 
explain the deviations of their behavior from an electrochemical ideal system, 
resulting in new peaks. Mainly three structures of SCnFc molecules in SAMs 
have been assigned: i) the first structure (peak I, and Iʹ) refers to ordered 
packed SAMs dominated by Fc-Fc interactions (and/or Fc-Au interactions) 
over Fc-Cn interactions, defined as “crystal-like structure”; ii) the second 
structure (peak II) refers to less ordered packed SAMs that suffer from defects 
(dominated by Fc-Cn interaction), defined as “liquid-like structure”; iii) the 
third structure (peak III) refers to densely packed SAMs with strong Cn-Cn 
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interaction between molecules due to more standing up Fc unit (for neven; n = 
8, 10, 12) and large n (for n = 14, 15), defined as “liquid crystal-like 




, the ГFc 
values of the SAMs increase with increase of n, indicating that SAMs with 
longer chain packs closer to each other than those with short chains, resulting 
in a fraction of Fc units located underneath each other to release the strain 
from mismatch in size between Fc groups and CH2 units. Therefore, we 
suggest that i) the packing of SAMs with short chains (n = 0 – 4) are 
dominated by crystal-like structures (see Chapter 5). ii) The packing of SAMs 
with medium chains (n = 6 – 13) are dominated by liquid crystal-like 
structure, especially neven due to stronger interaction caused by more standing 
up Fc units. iii) The packing of SAMs with long chains (n = 14, 15) are 
dominated by liquid crystal-like structure due to strong Cn-Cn interaction 
induces molecules to pack densely, resulting in high ГFc values.  
Our results helped to improve our understanding of the electrochemical 
behavior of the redox-active SAMs in relation to their supramolecular 
structures between redox-active group and non-redox-active moiety in the 
SAMs. Although Fc SAMs have been investigated since the early 1990’s, the 
appearance of multiple peaks and abnormal peak broadening could not be 
explained unambiguously. By investigating a consistent series of SAMs of 
SCnFc with n = 0 – 15 we were able to shed light the origins of deviations 






3.4. Experimental section 
3.4.1. Fabrication of Au substrates 
We fabricated Au substrates from four different methods as follows 
which provide different level of defects on the surface to investigate their 
effects on the structure of SAMs.
31, 34-38
  





We used Au with purity of 99.999% obtained from Super Conductor 
Materials, Inc (USA). Silicon (100, p-type) wafers are from University Wafers 
(USA), with a thickness of 525 ± 25 μm with one side polished. Before the 
evaporation of metal, we rinse the substrates with acetone, isopropanol and 
water (18.2 MΩ cm at 25oC), the then blow to dry with N2. The equipment we 
use is Electron–Beam Evaporator (Edwards, Auto 306). After the pre-
treatment of silicon wafer, we loaded the sample at atmospheric pressure. We 
deposited Cr layer with 20 nm thickness at rate 0.05 Å/s, followed by the Au 
layer of 200 nm thickness at a rate of then 1 Å/s under a base pressure of ~2  
10
-6
 bar at room temperature. The Au substrates were cleaned by immersed in 
the solution of H2SO4:H2O2 = 1:1 for 30 s, then in the solution of 1.0 M HCl 
for 2 mins, followed by washing with H2O and EtOH, before immersing in 
ethanoic solution of 2 – 3 mM of HSCnFc. 




: We fabricated Au on 
Si/SiO2 following the same procedure described above without deposition step 
of Cr layer. We deposited the first a layer of 50 nm of Au at a rate of 0.3 – 0.5 
Å/s, followed by the remaining 250 nm at a rate of 1 Å/s. We prepared the 
SAMs on Au
TS





. Briefly, glass slides of 1 × 1 cm
2
 (7105 Microscope slide, 1mm 
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thick) were cleaned by immersed in the solution of HCl:H2O2:H2O = 1:1:5 at 
70 
o
C for 20 min, followed by washing with H2O and EtOH, blown to dryness 
in a stream of N2 gas. These glass slides were further cleaned by a plasma of 
air for 5 min at a pressure of 0.6 mbar. Subsequently, the glass slides were 
glued against the Au surface using an optical adhesive (Norland, No. 61), by 
applying a drop of the optical adhesive (OA) on the gold surface onto which 
we position one glass substrate. The OA was cured in ultraviolet light for 1 h 
using a light source of 100 Watt at a distance of 40 cm from the substrate. The 
glass-OA-Au composite was cleaved off from the Si/SiO2 wafer using a razor 





: We used JFC 1200 coater for 
sputtering 100 nm thickness of Au (at a rate of 0.5 nm/s) for 200 s on 
template-stripped Au substrates to bond to Au layer to the substrate without an 
interfacial layer. The substrates were rinsed with EtOH before immersing in 





: We manually polished the gold 
electrode (2 mm diameter) on a polishing cloth with slurry alumina (0.2 μm) 
for 5 min, rinsed with water and cleaned ultrasonically in 1:1 water: EtOH for 
10 min, followed by etched in an aqua regia (HCl: HNO3: water = 3:1:6) for 2 
min and cleaned ultrasonically in water for 10 min. We rinsed the electrode 








The SAMs of SCnFc on Au substrates were electrochemically 
characterized by cyclic voltammetry. Electrochemical measurements were 
performed with an AUTOLAB PGSTAT302N with NOVA 1.10 software. To 
perform the CV measurements, we used a custom built electrochemical cell 
placed in a Faraday cage equipped with platinum counter electrode, a 
Ag/AgCl reference electrode and the Au
TS
 served as a working electrode. CVs 
were recorded in an aqueous solution 1.0 M HClO4, between -0.1 to 0.9 V at a 
scan rate of 1.00 V/s. The surface coverage of the Fc group (ΓFc, mol/cm
2
) can 
be calculated by eq. 1, where Qtot is the total charge determined by integration 
of the background-substrate peak, n is the number of electrons per mole of 
reaction, F is the Faraday constant, and A is the surface area of the electrode 





ΓFc = Qtot/nFA     (3.1) 
The SAMs of SCnFc on Au
TS
 provides the closest ΓFc value to the theoretical 




, calculated from a hexagonal packing with Fc 
treated as a sphere with a diameter of 0.67 nm. The Efwhm are indicative of the 




We analyzed the CVs peaks using the Gaussian-Lorentzian 
combination to fit the anodic peak of CV data by OriginPro 9.0 software. The 
anodic peaks were deconvoluted after background correction following a 






3.4.3. Photoemission spectroscopy 
Synchrotron-based PES measurements and NEXAFS spectroscopy 
were carried out at the SINS (Surface, Interface and Nanostructure Science) 
beamline of Singapore Synchrotron Light Source (SSLS). All the 
measurements were performed at room temperature in an ultrahigh vacuum 




 The measurements 
were performed by Cao Liang and Li Yuan (National University of Singapore, 
Singapore). 
Ultraviolet photoemission spectroscopy (UPS). The photon energy 
was calibrated using the Au 4f7/2 core level peak at 84.0 eV of a sputter-
cleaned gold foil in electrical contact with the sample. All the UPS spectra are 
normalized by the photon current. The work function was measured using 60 
eV photon energy and -9 V bias was applied to the sample to overcome the 
work function of the analyser. Photon energy values of 850 eV, 350 eV and 60 
eV were used to probe the Fe 2p3/2, S 2p, and valence band spectra, 
respectively. 
Near edge X-ray adsorption fine structure (NEXAFS) 
spectroscopy. Angular dependent C K-edge NEXAFS spectra were collected 
in Auger electron yield (AEY) mode using a Scienta R4000 electron energy 
analyser. The linear polarisation factor of the X-ray beam was measured to be 
more than 90%. The photon energy of the incident X-ray was calibrated using 
sputter-cleaned gold foil. All SAM NEXAFS spectra were first normalised 
relative to the clean metal NEXAFS spectrum. Furthermore, the spectra were 
normalised to have the same absorption edge jump between 280 eV and 320 
eV. We collected the angular dependent C K-edge NEXAFS spectra in Auger 
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electron yield (AEY) mode and a Scienta R4000 electron energy analyzer. We 
used two different angles to determine the molecular orientations: normal 
incidence (90°) and grazing incidence (20°). 
 
3.4.4. Molecular dynamic simulations (MD) 
MD were performed by Damien Thompson (University of Limerick, 
Ireland).
20
 The structures of the SAMs were calculated with MD (440 ns in 
total) of statistically large numbers of molecules (1,216 adsorbed on Au(111) 
electrode with areas of 33 × 13 nm
2
. Monolayer assembly was modelled and 
followed by metal-S bond formation for SAMs. To minimize edge effects, the 
properties of the SAMs were measured within ~ 250-molecule central disks 





We followed and/or modified synthetic procedures described in the 
literatures
14, 16-17
 to synthesize HS(CH2)nFc where n = 0 – 15. The 
experimental details of these synthetic procedures and structural 
characterizations are described in the Appendix. 
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Chapter 4  
Electrochemistry of Self-Assembled 
Monolayers of Ferrocenyl                          




Abstract: We studied the electrochemical behavior of the SAMs of n-
alkanethiolates with Fc group inserted at 14 different positions of the alkyl 
chain (SCnFcC13-n, n = 0 – 13). We characterized the structures of the SAMs 
by photoemission spectroscopy (PES) and theoretically confirmed by 
molecular dynamic simulations (MD). The electrochemical behavior of the 
SAMs was interpreted in terms of intermolecular interactions (Fc-Fc, Fc-Cn, 
and Cn-Cn) and molecule-substrate (Fc-Au) interactions. Electrochemistry for 
SAMs of SCnFcC13-n show that the packing density of the SAMs decreases 
when the Fc units are located closer to the bottom-electrode caused by the 
mismatch in sizes between the CH2 unit and the bulky Fc groups; this 
mismatch weakens the Cn-Cn interactions. However, the SAMs are “standing 
up” structure rather than “back bending” of the alkyl chains back into the 
                                                 
*
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SAMs.  Thus, SAMs with the Fc units located at the bottom (small values of n) 
are more difficult to oxidize because they are shielded from the electrolyte 
(anodically shift of the peak potential). We also show the effect of electrostatic 
potential profiles (i.e., discreteness of charge) at SAMs-electrolyte interface 
on changes of shape of CVs. 
 
4.1. Introduction 
In Chapter 3, we pointed out that the alkyl chain length of SCnFc (i.e., the 
value of n) SAMs determines the electrochemical behavior because the shape 
of the CV is a direct result of the supramolecular structure – which depends on 
n – of the SAMs. In this Chapter, we investigate the effect of the electrostatic 
potential profile at the interface of SAM-electrolyte and SAM-electrode on 
their electrochemical behavior. The features of the CVs are also determined by 
ion-pair formation at the interface between the oxidized form of surface-bound 
Fc (ferrocenium cation, Fc
+
) and the anion from the in electrolyte solution to 




 Smith and White
4
 theoretically studied the 
effects of interfacial potential distribution on electrochemical behavior of 
SAMs decorated with redox centers positioned between two dielectric layers 
of molecules, which explains in part the non-ideality of electrochemical 
responses of redox-active SAMs. Their model shows that the spatial position 
of the redox-active Fc group inside the SAMs influence their electrochemical 
behavior. In addition, Fawcett
5
 theoretically studied the discreteness of charge 
effects of redox-active SAMs on electrode, showing that the distance of 
closest approach of anions in the electrolyte (so-called the outer Helmholtz 
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plane, OHP) further from the redox-active plane in the SAMs significantly 
influence the electrostatic potential profile in the SAMs.  
Here, we studied the structural and electrochemical properties of the 
SAMs with the Fc group inserted at different positions from the top to the 
bottom of the SAM. We prepared SAMs of the S(CH2)nFc(CH2)13-n ≡ 
SCnFcC13-n with n = 0 – 13 on a Au electrode. By varying n, we controlled the 
positions of the Fc group with respect to the bottom-electrode and the 
electrolyte: for small values of n the Fc units are located in the at the bottom of 
the SAM near the metal surface and shielded from the electrolyte, while for 
large n values the opposite is true. By changing the different lengths of two the 
“isoluting” alkyl groups at opposite sides of Fc moiety, we can investigate 
how the spatial position of Fc unit influences their electrochemical properties 
in the organic layer as well as at the organic-electrode interface, which 
influence mechanism of charge transport across them. 
 
4.2. Results & Discussions 
4.2.1. Synthesis 
We modified synthetic procedures from previously described in 
literatures
6-8
 to synthesize the HSCnFcC13-n derivatives with n = 0 – 13 as 
outlined in Figure 4.1. The experimental details of the synthetic procedures 
and full characterizations are reported in the Appendix page 161 – 178. Here 
we only give a brief description. 
In general, ferrocene was functionalized via a Friedel-Crafts acylation 
with Br(CH2)n-1COCl followed by a second Friedel-Crafts acylation with 
CH3(CH2)11-nCOCl. The acyl chlorides were prepared from their 
88 
 
corresponding carboxylic acids, i.e., Br(CH2)n-1COOH and CH3(CH2)11-
nCOOH, by reaction with oxalyl chloride . The carbonyl group was reduced by 
Clemmensen reduction, followed by conversion of the Br group to thiol 
functionality via reaction with thiourea, followed by basic hydrolysis (Figure 
4.1A). The overall yield is around 40 – 50 %. Since the starting compound 
Br(CH2)n-1COOH with n = 7 and 13 were not commercially available, we 
prepared Br(CH2)6COOH via hydrolysis of Br(CH2)6COOEt (Figure 4.1B), 
and the Br(CH2)12COOH by reacting Br(CH2)11Br with diethyl malonate 
followed by hydrolysis to the carboxylic acid Br(CH2)12COOH (Figure 4.1C).      
We prepared HSFc(CH2)12CH3 and HSCH2Fc(CH2)11CH3 using 
different strategies as follows. To prepare HSFc(CH2)12CH3 compound, the 
BrFc(CH2)12CH3, prepared from Friedel-Crafts acylation of bromoferrocene 
(BrFc) with CH3(CH2)12COCl, was reacted with n-buthyllithium (n-BuLi), 
followed by a reaction with sulfur to give the disulfide (SFc(CH2)12CH3)2. 
Finally, the target compound HSFc(CH2)12CH3 was isolated by reduction of 
the disulphide with lithium aluminium hydride (LiAlH4) (Figure 4.1D). To 
prepare HSCH2Fc(CH2)11CH3, the ferrocenecarboxylic acid (FcCOOH) was 
reacted with CH3(CH2)10COCl via Friedel-Crafts acylation, followed by 
reduction of carbonyl group in acyl chloride via Clemmensen reduction 
followed by  reduction of the COOH group via lithium aluminium hydride 
(LiAlH4). The OH group was converted to the thiolate group by reaction with 
thioacetic acid (AcSH), followed by conversion of thiolate group via basic 




Figure 4.1 The general procedure to synthesize the HSCnFcC13-n (n = 2 – 13) compounds (A), 
with the synthetic procedure of Br(CH2)n-1COOH starting compounds (which are not 
commercially available) where n = 7 (B), and n = 13 (C). The synthetic procedure of 
HSCnFcC13-n where n = 0 (D), and n = 1 (E).  
 
4.2.2. Formation of SAMs 
We studied the electrochemical behavior of the SAMs as a function of 
n to investigate i) the change of electrostatic potential profile at interface of 
electrode|SAMs|electrolyte from top, middle and bottom Fc units in SAMs, ii) 
the role of double-layer effects due to the difficulty of ion-pair formation 
between Fc
+
 moieties and anions in electrolyte at the interface when the Fc 
units embedded in the SAMs, and iii) the role of intermolecular interactions 
among the molecules in the SAMs, e.g., Fc-Fc interaction, Fc-Cn interaction, 
Cn-Cn interaction, and Fc-Au interactions.  
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Figure 4.2 shows a schematic illustration of the SAMs in oxidized 
form, i.e., of SCnFc
+
C13-n, associated with counterions from the electrolyte 
solution. In our studies, we used aqueous 1.0 M perchloric acid and thus the 
counterions are perchlorate ions (ClO4
-
). We used this electrolyte because it is 
the most widely used electrolyte allowing us to compare our data to data 
previously reported data. Figure 4.2 shows an example of the SAM with n = 6 
and the two alkyl chains above and below the Fc units are labelled with R1 and 
R2, respectively. Here the total chain length (Rtot = R1 + R2) is kept constant at 
13.  When R1 >> R2, the OHP are further from the redox-active plane, which 
influence the shape of the CVs. For example, Figure 4.2 shows two CVs of the 
SAMs with Fc close to the top of the SAMs, e.g., n = 13 (R2 >> R1), and with 
Fc close to the bottom, e.g., n = 0 (R1 >> R2). The effect of the position of Fc 
groups on their electrochemical behavior is dramatic, positively shifting the 
peak potential, for example from n = 13 to 0, by 233 ± 4 mV, broadening the 
peak by 103 ± 2 mV, and decrease of packing densities by 47 ± 1%.  
We determined the effects of the position of Fc units in the SAMs in 
term of double layer capacitance of the SAMs, Cdl (F/cm
2
). The Cdl value is 
given by equation 4.1, where 𝜀0 is the vacuum permittivity (8.85 × 10
-14 
F/cm)
9, εr is the relative permittivity (dielectric constant) of the SAMs, and d 
is the thickness of the SAM (d = d1 + d2) where d1 and d2 are the thickness of 
the R1 and R2 chain, respectively. 
𝑪𝒅𝒍 =  
𝜺𝟎𝜺𝒓
𝒅
  =  
𝜺𝟎𝜺𝒓
𝒅𝟏+ 𝒅𝟐
     (4.1) 
We reported the overall εr values of the SAMs, determined by charging current 
obtained from CVs (see Section 4.2.3) given by equation 4.2.  
𝑖𝑐ℎ = 𝐶𝑑𝑙𝐴𝑣      (4.2) 
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Where ich is the charging or capacitive current obtained from CVs, A is the 
electrode area (cm
2
), and ν is the scan rate (V/s). In the following sections we 
provide an explanation of all these observations and we propose a model.  
 
 
Figure 4.2 Schematic illustration of the SAMs of oxidized form of SCnFc
+
C13-n on Au 
associated with anions in the electrolyte solution. R1 and R2 are the alkyl units above and 
below the Fc moieties, respectively. When R1 is large, the Fc moieties are separated from 
electrolyte more efficiently than for those SAMs with small R1. The OHP separated to the 
plane of the Fc units by d1 distance. The plane of the Fc units is separated to the bottom 
electrode by d2 distance. The possible intermolecular interactions among SAMs are Fc-Fc 
interaction, Fc-Cn interaction, Cn-Cn interaction and Fc-Au electrode interaction. 
 
4.2.3. Electrochemical Characterization of SAMs 
Figure 4.3 shows the CVs recorded at a scan rate of 1.0 V/s, and Table 
4.1 lists the electrochemical parameters, of SAMs of SCnFcC13-n with aqueous 
1.0 M HClO4 as an electrolyte. We make the following four observations from 
the CVs: i) the CVs show a single reversible oxidation and reduction event, 
except for the CVs of SCnFcC13-n, with n = 0 and 1 which show an small 
additional redox peak at a lower potential (see peak deconvolution below), ii) 
the Epa and Epc values increase with a decreasing value of n, iii) the Efwhm 
value tends to increase with a decrease of n, and iv) the CV background 
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currents (at potential far from the formal potential), i.e., the capacitive 
currents, on the positive side of the redox peak are larger than the negative 
side, and increases with decreasing n.  
 
 
Figure 4.3 CVs of SAMs of SCnFcC13-n on Au
TS
 with 1.0 M of HClO4 as an electrolyte 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.4A shows the Epa and Epc values as a function of n. The values 
of the Epa and Epc shift anodically when n decreases from 319 ± 4 to 552 ± 2 
and from 289 ± 2 to 452 ± 1, respectively. This observation indicates that the 
Fc moieties are more difficult to oxidize when n small, i.e., when R1 >> R2, 
than when n is large, i.e., R1 << R2. These numbers may refer to the different 
energy of intermolecular interaction among SAMs (ΔEpack) as detailed in 
Chapter 3 and to the double layer capacitance (Cdl) causing a shift in the peak 
potential.  We believe that when the Fc units are close to the OHP, ClO4
-
 from 
the electrolyte can form ion-pairs with the Fc
+
 cations more easily than those 
that are close to the bottom-electrode, separated from the OHP by the R1 chain. 
This discreteness of charged groups in the SAMs results in the positive shifts 
of Epa value.
5
 Therefore, the double layer effects make the oxidation process 
much more difficult thermodynamically.  
Also, this result proves that molecules are standing up rather than lying 
flat on the surface (see Section 4.2.4 for a more detailed discussion of the 
SAM structure). Table 4.1 also lists the ΓFc which corroborates the previous 
conclusion because the packing density is very similar as the SCnFc SAMs and 
for SAMs of flat lying molecules we would expect ΓFc values to be 
significantly lower (by a factor of 2 – 3). 
Figure 4.4B shows the Efwhm values as a function of n. The Efwhm of Fc 
buried in the SAMs (n = 0 – 11) are larger than the ideal values of 90.6 mV, 
ranging from 112 to 226 mV. The Efwhm values tend to increase with 
decreasing n. Peak broadening (large Efwhm values) may imply that i) the order 
of the SAMs is lower than that of SCnFc SAMs, resulting in multiple closely 
spaced redox potentials from Fc units in different (micro)environments within 
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the SAMs, or ii) the strength of intermolecular interactions between molecules 
in the SAMs. We observed that the CV peaks of neven seems to be broader than 
for the SAMs with nodd by 38 ± 15 mV (0.9 ± 0.3 kcal/mol). This indicates that 
the supramolecular structure of SAMs with neven is different from that of nodd 
(see section 4.2.4 for more detail), and the value may refer to the ΔEpack 
between neven and nodd. 
 
 
Figure 4.4 A) The Epa and Epc, B) the Efwhm, C) the Cdl,tot and D) the εr at 0.1 and 0.8 V of the 
SAMs as a function of n. 
 
Figure 4.4C shows the Cdl as a function of n. The total Cdl value (Cdl,tot) 
was evaluated from the CV charging currents at potential far from the formal 
potential (at 0.1 V and 0.8 V), calculated by equation 4.2. The thickness of the 
SAMs (d = d1 + d2) and the position of the Fc units in the SAMs (d1) are 
determined by angle resolved XPS (section 4.2.4.3). The d values are nearly 
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constant as a function of n (slightly decrease from 1.8 to 1.4 nm with 
decreasing of n), while the d1 values increase with the decrease of n, indicating 
to the standing up molecules in the SAMs. We found that several times greater 
value of Cdl,tot at positive side of the redox peak (at 0.8 V) than those at 
negative side of the redox peak (at 0.1 V), which indicates the permeation of 
the ClO4
-





 The higher Cdl,tot value with the decrease of n (from 
8.85 ± 0.52 to 15.6 ± 0.42 μF/cm2) shows that more ions permeate into the 
SAMs (d1 decreases) because Fc units are further from the electrolyte solution 
when n is small. This result also confirms the standing up structure of the 
SAMs.  
In addition, we determined the values of εr as a function of n (Figure 
4.4D), showing the increase of εr with the decrease of n (from 5.91 to 1.85 for 
n = 13 to n = 2), indicating to the permeation of anions in the SAMs. 
Remarkably, for the SAMs with n = 5 – 11, we observed the εr values of neven 
are slightly higher (by 0.6 ± 0.3) than those of nodd. The dielectric properties of 
the SAMs are related on the induced interfacial dipole in the Fc moieties 
during oxidation; two possibilities are proposed: i) the Fc units in neven have 
more contributions along surface normal direction than those in nodd, and ii) 
the Fc units in neven have a better packing than those with nodd which induces 
the better charge separation in the SAMs. These possibilities are supported by 
NEXAFS data (see section 4.2.4.5), showing that the Fc groups in the SAMs 
with neven is more standing up (by 5°) than those with nodd. We note that the 
SAMs behave differently when n = 0 or 1 because the frontier orbitals 
hybridize with the electrodes and the electrochemical behavior changes 
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consequently (and the simple model based on supramolecular interactions 
does not apply) as we describe in section 4.2.4.2. 
To explain the origin of the electrochemical behavior of these SAMs, 
we analysed the CVs in more details and used a peak deconvolution method of 
the anodic peak by fitting the data to Gaussians and Lorentzians as described 
in Chapter 3 Section 3.2.4.1, following a previously reported method.
11
 Figure 
4.5 shows deconvoluted peaks, comprising of two peaks assigned as peak I 
(lower potential) and peak II (higher potential) for all of the SAMs. For SAMs 
with n = 0 and 1 which we observed an additional peak at a lower potential 
(assigned as peak IV; following the nomenclature defined in Chapter 3). Table 
4.2 lists the voltammetric parameters of peaks I, II, and IV. The peak I and IV 
were fitted to a Gaussian, but the peak II was fitted to a Lorentzian. The 
Gaussian-Lorentzian combination provides excellent fitting (R
2
 > 0.99) 
results. We indicate three regimes corresponding to n for which the 
electrochemical behavior changes significantly: i) regime 1 (n = 0 – 4), ii) 
regime 2 (n = 5 – 11), and iii) regime 3 (n = 12, 13). We propose that their 
electrochemical behavior can be explained in terms of molecule-molecule and 
molecule-electrode intermolecular interactions, e.g., Fc-Fc, Fc-Cn, Cn-Cn, and 
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Figure 4.5 The peak deconvolution of the anodic peaks of SAMs of SCnFcC13-n with n = 0 – 
13. 
 
Figure 4.6A shows the Epa of peak I, II and IV, assigned as Epa,I, Epa,II, 
and Epa,IV respectively. The Epa,I, and Epa,II values significantly increase with  
decreasing n from 318 ± 1 to 594 ± 2, and 382 ± 3 to 717 ± 9 mV, 
respectively. The difference in the values of Epa,I and Epa,II, (Epa,II – Epa,I), 
remains nearly constant at 113 ± 18 mV (or 2.6 ± 0.4 kcal/mol), which may 
refer to different packing energy of two distinct microenvironments of Fc 
groups in these SAMs.  
Figure 4.6B shows the ΓFc as a function of n. The total ΓFc of the Fc 
group (ΓFc,tot  =  ΓFc,pre +  ΓFc,I + ΓFc,II) tends to increase with increase of n. For 
the SAMs in regime 1, we observed that the value of ΓFc,I remains nearly 




, while the value of ΓFc,II  increases with 
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increase of n. We believe that this increase in surface coverage is the result of 
a fine balance between forces: when n increases the Fc units can pack more 
tightly, and perhaps partially underneath each other (driven by strong Cn-Cn 
interactions of R2 chain), resulting in denser films than one would expect from 
the XRD results when Fc-Fc interactions dominate (see Chapter 5 for details). 
In addition, when n = 0 or 1, we expect that hybridization of the Fc orbitals 
with the Au d
5
 is important over ruling the weaker van der Waals packing 
energies (see section 4.2.4.2). So these results corroborate with the results 
presented in Chapter 3. 
For the SAMs in regime 2, we observed that the values of ΓFc,I  for the 
SAMs with nodd (n = 5, 7, 9, 11) are larger than  for SAMs with neven (6, 8, 10), 
and, remarkably, a  reversal of the odd-even effect was observed for the value 
of ΓFc,II. The ratio of ΓFc,II/ ΓFc,I for neven (0.99 ± 0.10) is about 3 times higher 
than that of nodd  (0.31 ± 0.13). For the SAMs in regime 3, the values of ΓFc,I 
and  ΓFc,II do not change significantly. We explain these observations in more 
details in section 4.2.5.  
 
 
Figure 4.6 A) The Epa,I, Epa,II, and Epa,IV as a function of n. B) the ГFc,tot, ГFc,I, ГFc,II, and ГFc,IV 




4.2.4. Structural Characterizations of SAMs 
To investigate the origins of the rich electrochemical behavior of the 
SCnFc13-n SAMs in more detail, we performed a structural characterization of 
the SAMs following methods that were introduced in Chapter 3. We used 
molecular dynamics (MD) to simulate the SAMs and to calculate the packing 
energies (i.e., the Fc-Fc, Fc-Cn, and the Cn-Cn interactions), near edge X-ray 
adsorption fine structure (NEXAFS) spectroscopy to determine the tilt angle α 
of the Fc units with respect to the surface normal (which we used to validate 
the MD results), ultra-violet photoelectron spectroscopy (UPS) to determine 
the electronic structure of the SAM, and angle resolved X-ray photoelectron 
spectroscopy (XPS) to determine the position of the Fc unit in the SAMs and 
the SAM heights. This study made it possible to relate the complex 
electrochemical behavior of the SAM to the surpramolecular structure of the 
SAMs. 
 
4.2.4.1. Molecular Dynamics (MD)  
We performed MD to compute the SAM packing energies, Epack, of 
each particular as a function of n (Figure 4.7). The Epack of the SAMs tend to 
decrease with decreasing n (0.28 kcal/mol·n), implying that the mismatch size 
between Fc group (0.67 nm) and CH2 unit (0.45 nm) weaken the Epack of the 
SAMs. For all of the SAMs, the Epack values of Fc-Cn interaction and Cn-Cn 
interaction dominate the packing structure of the SAMs over Fc-Fc 
interaction, especially for SAMs of Fc unit buried inside the SAMs (n is 
small). The Epack of Fc-Cn interaction is higher (2.28 ± 0.70 kcal/mol in 
average) than that of Fc-Fc interactions. Also, the Epack of Cn-Cn interactions 
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increase with increase of n. Remarkably, this ΔEpack of Fc-Cn and Fc-Fc 
interactions, Epack,Fc-Cn – Epack,Fc-Fc, (2.28 ± 0.70 kcal/mol) from MD is close to 
the value of Epa,II – Epa,I, (2.6 ± 0.4 kcal/mol). Therefore, we propose that the 
packing structure of peak II is dominated by Fc-Fc and Fc-Cn interaction, 
while that of peak I is dominated by Fc-Fc interactions.     
 
Figure 4.7 Left: molecular structures (side-views) of SAMs of SFcC13, SC7FcC6, SC13Fc 
(from top to bottom) obtained from MD. Right: the Epack of each particular intermolecular 
interaction in the SAMs of SCnFcC13-n, n = 0 – 13 as a function of n calculated by MD. 
 
4.2.4.2. Density Functional Theory (DFT) Calculations 
To investigate the role of Fc-Au interactions in more details. We 
performed DFT calculations of SCnFcC5-n (n = 0 – 5) adsorbed on Au(111). 
Figure 4.8A shows the computed partial density of states (PDOS), indicating 
the interaction between the gold and Fc-sulfur groups in the region between -
0.7 and -1.7 eV. A broad peak in this region indicates to delocalization of the 
electrons over Fc-S and gold electrode when Fc is close to electrode, while the 
peak is sharp indicating to localization of the electrons on Fc when Fc is far 
from electrode. Figure 4.8B shows the charge density distributions of the 
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HOMO region, indicating the strong Fc-Au interactions as a result of 
hybridization of HOMO-electrode orbitals for n < 3 (SFcC5 for example), 
while the HOMO of molecules is not hybridized with the electrode, and 
localized within the molecules on the Fc unit for n = 3 – 5 (SC3FcC2 for 
example). Even though the HOMO is localized on the molecule for n = 3 – 5, 
the Fc units are close enough to the Au electrode to form van der Waals 
interactions
12
 (173 ± 12 meV estimated by Grimmes
13
 corrected DFT 
calculations by us
14
, resulting in the shifts of HOMO energy level toward the 
Fermi-level of the Au electrode. The result is in agreement with UPS data (see 
section 4.2.4.3). 
 
Figure 4.8 A) the computed PDOS calculated by DFT of SCnFcC5-n on Au. The dotted line 
represents the position of the Fermi level. B) the charge density distribution of the HOMO 
region of SFcC5 and SC3FcC2 on Au, showing the HOMO is delocalized over the Au electrode 




4.2.4.3. Ultraviolet Photoelectron Spectroscopy (UPS) 
We determined the work function of the Au (WF) and the ionization 
potential of the HOMO energy level (IP) of these SAMs by UPS 
measurement. Figure 4.9A shows the UPS spectra at valence band close to 
Fermi level for these SAMs, showing the broad peak when n is small which is 
in agreement with DFT calculation as we mentioned above. Figure 4.9B 
shows the values of WF and IP as a function of n. The WF is independent of n, 
but the IP shifts in energy towards the work function of the electrode for n ≤ 5 
by 49 eV/n, which is in agreement with CV data (the shift of Epa,I and EpaII for 
n ≤ 5 is about 52 eV/n). Thus these experiments show that the Fc orbitals are 
indeed delocalized over the Au electrode for n = 0 – 1, this stabilization makes 
it more difficult to oxidize the Fc units and explains the dramatic anodic shifts 
of Epa and Epc (Figure 4.4). Figure 4.9C shows the molecule-electrode offset 
energy, ΔEME, determined by the difference of the IP and WF. We see clearly 
an odd-even effect on ΔEME, attributing to changes in the orientation of the Fc 
units induced by the different dipole moment orientation in the SAMs between 
neven and nodd. This effect is in agreement with the values of εr, estimated by 





Figure 4.9 A) The valence band close to Fermi level for SAMs of SCnFcC13-n, showing 
HOMO states. B) The WF and IP and C) the ΔEME of SAMs of SCnFcC13-n on Au
TS
 
determined by UPS as a function of n. 
 
4.2.4.4. Angle Resolved Photoemission Spectroscopy (XPS) 
Figure 4.10A shows the XPS spectra of sulfur atom (S 2p) at ~162.7 
eV (2p1/2) and ~161.5 eV (2p3/2), and Fe atom (Fe 2p3/2) at ~707 eV of the 
SAMs. The S 2p peaks show an additional S peak (S0) around 1 eV lower than 
S-Au bond when n = 0 and 1. Since we still found the Fe 2p3/2 peak, indicating 
that the S0 peak cannot be assigned to element S (i.e., resulting from 
decomposition of the molecules), we believe that the origin of the S0 peak is 
related to the disordered phase of the SAMs or element S.
15
 This result 
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supports the appearance of the peak IV at lower peak potential in CVs for n = 
0 and 1. Therefore, we assigned peak IV as a disordered chemisorbed phase.  
Figure 4.10B shows the thickness of the SAMs and position of the Fc units in 
SAMs measured by angle resolved XPS as a function of n (see section 4.3 for 
experimental details). The thickness of the SAM slightly decreases (from 1.8 
to 1.4 nm) with the decrease of n due to weaker Cn-Cn interactions of R1 chain 
compared with R2 chain. This result provides evidence of standing up of the 
SAMs which is in agreement with CV results.  
 
 
Figure 4.10 A) The XPS spectra of sulfur atom (S 2p) and Fe atom (Fe 2p3/2) of the SAMs. B) 
The thicknesses of the SAMs and position of Fc units in the SAMs as a function of n, 
determined by angle resolved XPS and MD. 
 
4.2.4.5. Near Edge X-Ray Absorption Fine Structure 
(NEXAFS) Spectroscopy 
Figure 4.11A shows NEXAFS spectra for the SAMs of SC6FcC7 and 
SC7FcC6, recorded at an incident angle of θ = 90° and a grazing angle of θ = 
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20°, to determine the average  of Fc units.16-17 Figure 4.11B shows the value 
of  obtained by NEXAFS and MD as a function of n. The experimental and 
theoretical determinations of the  values are in a good agreement from which 
we validate the MD simulations to model the SAMs well. The α value with 
neven is smaller than those with nodd by 5°, indicating that the Fc units are 
standing up more for neven which strengthen Cn-Cn and Fc-Cn interactions than 
those for nodd. Also, this supports our explanation for SAMs with n = 5 – 11 on 
the higher values of εr for SAMs with neven than those with nodd due to more 
contributions in induced interfacial dipole along surface normal during 
oxidation, which we described earlier in section 4.2.3.  
 
 
Figure 4.11 A) The NEXAFS spectra for SAMs of SC6FcC7 and SC7FcC6 recorded at an 
incident angle of θ = 90° and a grazing angle of θ = 20°. B) The average tilt angle  of Fc unit 






4.2.5. The Electrochemical Behavior of the SAMs in Relation to 
their Supramolecular Structures 
We explained the electrochemical behavior of the SAMs into three 
regimes corresponding to n: i) regime 1: (R1 >> R2), ii) regime 2 (R1 ≈ R2), 
and iii) regime 3 (R1 << R2). 
Regime 1 (R1 >> R2). Since the Fc unit is close to the bottom Au 
electrode, the packing of the SAMs is dominated by Fc-Au interactions, 
resulting in higher redox potentials observed in the CV data than when n ≤ 5. 
The DFT calculation shows the strong orbital hybridization of Fc-Au for n < 3 
and the UPS data shows the shifts of HOMO level energy towards the work 
function of the electrode for n ≤ 5, indicating the formation of van der Waals 
interactions between Fc and Au electrode are important when n = 3 – 5, which 
is in agreement with the gradual anodic shift of Epa,I and EpaII for n ≤ 5 from 
CV data.  
The lower values of ΓFc (from CV data) and weaker Cn-Cn interactions 
(from MD simulation) indicate that these SAMs are loosely packed compared 
to the SAMs in regime 2 and 3 (n ≥ 5). The values of ΓFc,I is nearly constant at 




, for n = 0 or 1, while the ΓFc,II increases with the 
increase of n for n = 3 – 5 (0.41 × 10-10 mol/cm2·n), in other words, with 
stronger Fc-Cn and Cn-Cn interactions. The Epa,II – Epa,I is 113 ± 18 mV (or 2.6 
± 0.4 kcal/mol). The MD simulations show that the difference in Fc-Fc and 
Fc-Cn interactions is 2.28 ± 0.70 kcal/mol. During oxidation all these 
supramolecular interactions are broken and the structure of the SAMs re-




 ion pair formation (see 
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Chapter 2 section 2.3.2.6). We propose that the peak I is dominated by Fc-Fc 
interactions, whereas peak II is dominated by Fc-Fc and Fc-Cn interactions.  
From the deconvolution of the anodic peaks, the SAMs with n = 0 and 
1 shows the appearance of peak IV. We propose that this peak IV is related to 
a disordered chemisorbed phase, resulting in lower Epa by 175 mV (4.0 




).  This result is in 
agreement with the appearance of the S0 peak in XPS data when n = 0 and 1. 
We note that for n = 0 and 1 the fraction of peak IV in CVs (0.04 ± 0.01 and 
0.10 ± 0.01, respectively) and S0 peak in XPS spectra (0.10 and 0.20, 
respectively) is small, indicating that only a small fraction of the SAMs is in 
this disordered phase and most of the molecules are standing up rather than 
lying flat on the surface for n = 0 and 1. 
Regime 2 (R1 ≈ R2). The Fc groups of the SAMs are easier to oxidize 
(lower Epa) because they are closer to the SAMs|electrolyte interface due to the 




 ion-pair formation (see Chapter 2 section 2.3.2.6). 





from the peak deconvolution, we observed the variation of ΓFc,I and ΓFc,II 
values by odd-even number. The value of ΓFc,I when nodd is higher than that 
when neven, whereas the odd-even feature of the value ΓFc,II is reversed (Figure 
4.6B). From the MD simulations, the packing structure of these SAMs with n 
≥ 5 is dominated by Cn-Cn interactions over Fc-Cn interaction which causes 
this odd-even feature, originated from the small change in the tilt angle  
values. The NEXAFS data shows that the Fc units are standing up more for 
neven than those for nodd, resulting in stronger interactions among molecules in 
SAMs. The ratio of ΓFc,II/ ΓFc,I of the SAMs with neven is about 3 times higher 
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than those with nodd. Therefore, the structure of SAMs with neven is dominated 
by peak II, while those with nodd are dominated by peak I. This is in agreement 
with our proposed structure of the peak I and peak II that are dominated by Fc-
Fc interactions and combination of Fc-Fc and Fc-Cn interactions, respectively. 
Thus, the observed odd-even effect in the Epa,I and Epa,II are driven by the Cn-
Cn interactions.  
Regime 3 (R1 << R2).  Since the Fc unit is located close to electrolyte, 
the ion-pair can form easier resulting in lower Epa. The packing is dominated 
by strong Cn-Cn interactions, allowing SAMs to be densely packed, resulting 





).   
 
The Model. Figure 4.12 shows a schematic illustration of the packing 
structures of the SAMs with possible intermolecular interactions among them 
which induce the three distinct microenvironments of Fc units in the SAMs 
assigned as i) disordered chemisorbed phase, resulting in the appearance of 
peak IV with weaker Epack of 4.0 kcal/mol, ii) standing-up phase with Fc units 
predominantly interacting with other Fc groups (Fc-Fc interactions), assigned 
as peak I. For n ≤ 5, the Fc-Au interactions dominate the packing, resulting in 
the peak shifting and peak broadening of peak I, and iii) standing-up phase 
with stronger lateral interactions among molecules (by 2.6 ± 0.4 kcal/mol), 
induced by more standing up Fc units of neven (n = 8, 10, 12) by 5°, and 
induced by stronger Cn-Cn interaction for the SAMs with top Fc (n = 12, 13), 





Figure 4.12 Schematic illustration of the SAMs of SCnFcC13-n on Au
TS
 showing three different 
CV peaks which can be described in term of packing structures induced by intermolecular 
interactions: i) Fc-Fc interaction, ii) Fc-Cn interaction, iii) Cn-Cn interaction, iv) Fc-Au 
interaction (van der Waals interaction), and v) Fc-Au interaction (orbital-hybridization), 
which influence three distinct electrochemical behavior assigned as peak IV, peak I, peak II by 
varying positions of Fc units, n. The difference in the α of the Fc units between neven and nodd 
is indicated. Gold, sulfur and iron atoms are shown as pale yellow, dark yellow, and orange 







The electrochemical behavior of the SAMs of SCnFcC13-n can be 
interpreted in terms of intermolecular interactions (Fc-Fc, Fc-Cn, and Cn-Cn) 
and molecule-substrate (Fc-Au) interactions. Electrochemistry for SAMs of 
SCnFcC13-n shows that the packing density of the SAMs decreases when Fc is 
located closer to the bottom caused by the mismatch in sizes between the CH2 
units and bulk Fc groups, resulting in weaker the Cn-Cn interactions. The 
SAMs are “standing up” rather than “back bending” of alkyl units or lying flat 
on the surface. This is corroborated by the fact that the SAMs with small 
values of n are harder to oxidize, because they are shielded from the 
electrolyte solution by the alkyl chain which hampers complexation with the 
anion from electrolyte. Also, the XPS results show that the thickness of the 
SAMs is nearly constant; this finding is in agreement with MD simulations. 
We classified these SAMs into three structures assigned as i) 
disordered chemisorbed phase (peak IV), ii) Fc-Fc dominated structure (peak 
I), and iii) Fc-Fc and Fc-Cn dominated structure (peak II). The packing of the 
SAMs in regime 1 (n = 0 – 4) is dominated by Fc-Au interactions. The 
packing of the SAMs with middle Fc (n = 5 – 11) is dominated by Cn-Cn 
interactions. More standing up Fc unit in the SAMs for neven (6, 8, and 10) 
induced stronger lateral interactions allowing Fc units in SAMs to pack closer 
to neighbor Fc and CH2 unit, resulting in stronger Fc-Fc and Fc-Cn interaction 
for neven than those for nodd. Therefore, the structure of SAMs with neven is 
dominated by peak II, while the structure of those with nodd is dominated by 
peak I. The packing of the SAMs with top Fc (n = 12 – 13) is dominated by 
strong Cn-Cn interactions.  
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Remarkably, no peak III is observed in these SAMs, while we 
observed peak III for the SAMs of SCnFc with neven (n = 8, 10, 12) described 
in Chapter 3. We assign peak III originated from the Fc units pack underneath 
each other due to strong Cn-Cn interactions over Fc-Fc + Fc-Cn interactions, 
resulting in burrier and more shielded of Fc units from the electrolyte. 
However, in the case of SAMs of SCnFcC13-n, the R1 chain above the Fc units 
prevents them to pack underneath each other. Due to the more standing up Fc 
units in the SAMs with neven, we found that the ratio of ГFc,II/ГFc,I is about 3 
times higher, indicating to stronger Fc-Cn interactions (Fc-R1 chain and Fc-R2 
chain interactions). Therefore, we believe that the SAMs with neven pack better 
than nodd, but the Fc units could not pack underneath each other, resulting in 
the absence of peak III.   
These proposed models provide a reasonable explanation of the 
observed electrochemical behavior which can improve our understanding in 
their properties of these redox-active SAMs correlated to their packing 
structures in the SAMs. 
 
4.4. Experimental section 
4.4.1. Formation of SAMs 
We prepared the Au
TS
 substrates following the same procedures as 
described in Chapter 3 (section 3.4.1). The Au substrates were immersed into 
the ethonolic solutions of 2-3 mM of HSCnFcC13-n immediately after 
fabrication. We formed the SAMs over a period of time of 3-5 h. The samples 
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were thoroughly rinsed with absolute ethanol, blown to dryness in a stream of 
N2 gas, and used immediately.  
 
4.4.2. Electrochemistry 
We electrochemically characterized the SAMs of SCnFcC13-n on Au
TS
 
electrodes using cyclic voltammetry performed with an AUTOLAB 
PGSTAT302N with NOVA 1.10 software, following the same procedures as 
described in Chapter 3 (section 3.4.2). We used a custom built electrochemical 
cell placed in a Faraday cage equipped with platinum counter electrode, a 
Ag/AgCl reference electrode and the Au
TS
 served as a working electrode. 
Cyclic voltammograms were recorded in an aqueous solution 1.0 M HClO4, 
between -0.1 to 0.9 V at a scan rate of 1.00 V/s. 
 
4.4.3. Photoemission spectroscopy 
Synchrotron-based PES measurements and NEXAFS spectroscopy 
were carried out at the SINS beamline of Singapore Synchrotron Light Source. 
All the measurements were performed at room temperature in an UHV 




 The measurements were 
performed by Cao Liang and Li Yuan (National University of Singapore, 
Singapore). We followed the same procedures as described in Chapter 3 for 
UPS measurement and NEXAFS spectroscopy measurement (section 3.4.3). 
Angle-Resolved X-Ray Photoemission Spectroscopy (XPS). Angle-
dependent XPS measurements were used to calculate the location of sulphur 
and iron atoms in the SAMs, by measuring the positions of these atoms with 
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respect to vacuum. The position of the analyser was fixed with the lens axis 
50º away from the incident beam. The take-off angle () was defined as the 
angle between the axis of the analyser and the substrate surface. The incident 
angle (γ) was defined as the angle between beam incidence and the substrate 
surface. The S 2p and Fe 2p3/2 spectra with  = 90º (normal emission, γ = 40º) 
and  = 40º (normal incidence, γ = 90º) angle were collected by rotating the 
sample holder. 
 
4.4.4. Molecular dynamic (MD) Simulations and Density 
Functional Theory (DFT) Band Structure Calculation  
We followed the same procedures for MD simulations as described in 
Chapter 3 (section 3.4.4). DFT band structure calculations were performed 
using the CASTEP package with ultra-soft pseudopotentials and a 280 eV cut-
off energy.
19-20
 A plane wave basis set was used, and the exchange-correlation 
was treated with the generalised gradient approximation GGA.
21
 Density of 
states were calculated by integrating over the Brillouin zone using a 331 k-
point sampling grid. The gold surface was simulated using a 3-layer bulk 
terminated slab with static gold atoms. In all simulations a p(33) unit cell was 




. The slab 
was repeated periodically with 35 Å of vacuum between the slabs in the 
direction normal to the surface plane. For the structure optimisation, we used 
the Perdew, Burke and Ernzerhof PBE exchange-correlation functional.
22
 To 
describe the configuration of the SCnFcC5-n on  Au (111), the molecules were 
relaxated using the BFGS algorithm
23
 and bonding of the molecules to the 
surface was described using the density of states (DOS) distribution to 
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quantify the adsorbate-substrate electronic interaction. A partial density of 
states (PDOS) analysis is used to describe the different electronic interactions 
between the molecule and the surface as the Fc moiety is positioned 
progressively further away from the surface, i.e., as n in SCnFcC5-n is 
increased from 0 to 5. 
 
4.4.5. Synthesis 
We followed and/or modified synthetic procedures described in the 
literatures
6-8
 to synthesize HS(CH2)nFc(CH2)13-n where n = 0 – 13. The 
experimental details of these synthetic procedures and structural 
characterizations are described in the Appendix. 
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Chapter 5   
Surface Structure of Self-Assembled 




Abstract: It is important to understand the structure of redox-active self-
assembled monolayers (SAMs) down to the atomic scale since these SAMs 
widely used as model systems in studies of mechanisms of charge transport or 
to realize electronic functionality in molecular electronic devices. We studied 
the supramolecular structure of SAMs of n-alkanethiolates with ferrocenyl (Fc) 
end groups (S(CH2)nFc, n = 3 or 4) on Au(111) by scanning tunneling 
microscopy (STM). In this system, the tilt angle of the Fc units with respect to 
the surface normal (α) depends on the value of n because the Au-S-C bond 
angle is fixed. The ordered domains of the SAMs were imaged by STM after 
annealing at 70 °C at ultra-high vacuum conditions. High resolution electron 
energy loss spectroscopy (HREELS) and cyclic voltammetry (CV) show that 
this annealing step only removed physisorbed material and did not affect the 
structure of the SAM. The STM images revealed the presence of row defects at 
intervals of 4 nm, i.e., six molecules. We determined by near edge X-ray 
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absorption fine structure spectroscopy (NEXAFS) that the Fc units of the 
SAMs of SC3Fc are more parallel to the Au(111) plane with a tilt angle α = 
60.2° than the Fc units of SC4Fc SAMs (α = 45.4°). These tilt angles are 
remarkably close to the tilt angles measured by X-ray diffraction data of bulk 
crystals (bc-plane). Based on our data, we conclude that the molecules are 
standing up and the SAMs pack into lattices that are distorted from their bulk 
crystal structures because of the build-up stain due to the differences in sizes 
between the Fc units and thiolate anchoring groups.  
 
5.1. Introduction 
Most surface characterization techniques provide (often qualitative) 
information regarding a certain aspect of the SAM over a large area, whereas 
scanning probe based techniques yield detailed real space images but only 
probe a small fraction of the surface.
1-6
 Often it is difficult to reconcile data 
obtained by, for instance, scanning probe methods, with other techniques 
because it is not clear whether the imaged (small) area is representative for the 
whole surface. Techniques that sample large areas on surfaces only yield 
spatially averaged data and, for instance, inhomogeneous surfaces, or the 
presence of different phases, hamper the interpretation of the data. For 
example, mixed SAMs of SCnFc with SCn suffer from phase separation
7-8
, 
leading to non-uniform surface properties at the nanometer-scale. The 
structures of pure SAMs of SCnFc have been rarely characterized by STM
9-10
, 










therefore it is important to understand their structures at the atomistic scale. 
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Here we propose 3D models for SAMs of SCnFc on Au(111) with n = 
3 and 4 based on a combination of complimentary characterization techniques. 
We compared the packing of the SAMs on Au(111) with the packing of the 
molecules in macroscopic crystals which were determined by single crystal X-
ray diffraction (XRD). We observed stripe patterns in the SAMs of SC3Fc and 
SC4Fc on Au(111) indicating so called “a row defect” created during self-
assembly at a certain width of molecular packing. We demonstrate that the 
introduction of a bulky Fc terminal group, and intermolecular interactions in 
SAMs impact the surface morphology at molecular level packing of the SAMs. 
We believe that these models are useful for future studies of charge transport 
across these SAMs, and they provide insightful information more in general in, 
for instance, understanding odd-even effects. The Au-S-C bond angle is fixed 
at 109.5°
17-18
 and therefore the number of CH2 units (n) in the back bone of the 
SAM determines the   of the Fc units. In chapter 3, we show that Fc units in 
SAMs with neven stand up more (the value of  is smaller) for Fc units in 
SAMs with nodd. The SAMs of SCnFc showed odd-even effects in the Epa 
which we related to the packing energy: SAMs with neven on Au pack better 
than SAMs with nodd and are therefore more difficult to oxidize by 25 meV 
(0.6 kcal/mol), which is in agreement with different packing energies between 
neven and nodd obtained by MD (0.4 kcal/mol). The experimental values of  in 
SAMs (determined by NEXAFS) match very well to those extracted from the 
bulk crystal structures from which we conclude that the SAMs form dense 
layers with similar structures in a bulk crystal. Based on these data, we 
conclude that the real space STM images represent the SAMs very well and 
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we propose models for the SAM that help to understand the experimentally 
observed odd-even effects. 
 
5.2. Results & Discussions 
5.2.1. Characterization of the SAMs before and after Annealing 
We found that physisorbed materials were always present on the SAMs 
despite rinsing with excess amounts of solvents. Some reported that annealing 
at 70 °C resulted in relatively clean surfaces that were suitable for STM 
investigations.
19-20
 These authors did not detail whether annealing improves 
the packing of the SAMs or merely removes loosely bound molecules from the 
surface. Others have reported that SAMs of SCn are stable in high vacuum 




 To remove the physisorbed 
materials, we annealed the SAMs in UHV (2.0 × 10
-10
 mbar) for 45 min at 70 
ºC. To prove that during annealing the SAMs were not damaged or altered in 
other ways, we followed the annealing process by high resolution electron 
energy loss spectroscopy (HREELS).  
Figure 5.1A shows the HREELS data for the SC3Fc SAMs on Au
TS
 
before annealing. We assigned nine peaks (labelled P1 – P9) that are listed in 
Table 5.1 following previously reported assignments.
22-24
 The signals labeled 
P1, P3, P4, P6, P7, and P9 are the vibrational modes of the Fc moieties, and P5 
and P8 are vibrational modes of the alkyl chains. The intensities of P3 and P4 
display a strong angular dependence where the angle is measured between the 
surface normal and π molecular orbital vector (the Cp ring plane), because of 
the dipole selection rule (only vibrational modes can be detected when the 
change in dipole moment is perpendicular to the surface). The relative 
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intensities of these signals give information regarding to the  value. Here, the 
intensity of P3 is lower than P4 for SC3Fc SAMs which indicates that the out of 
plane C-H bending (P3) modes are more perpendicular to the surface normal 
than the P4 bending mode (which is in plane of the ring).  
Figure 5.1B shows the HREEL spectra of the SAMs of SC3Fc after 
annealing at four different temperatures in high vacuum (10
-7
 mbar) for 1 h at 
30, 60, 90, and 120 
o
C. These results show that the spectra did not change after 
annealing up to 90 °C apart from an increase of signal-to-noise ratio from 
which we conclude that the SAMs were stable and did not change during the 
experiment and that loosely bound molecules were removed from the surface. 
In contrast, the spectrum recorded after annealing at 120 °C changed 
significantly. Peak P3 vanished, and the intensity of P4 decreased indicating 
that the surface coverage decreases and that the remaining molecules lie flat 
on the surface (with the Cp ring perpendicular to the surface normal). The 
intensities of P5 and P8 increased while those of P6 and P9 decreased which 
agree with an increase of exposure of the alkyl chains consistent for flat-lying 
molecules. These results indicate that the SAMs decomposed and the 
molecules desorbed from the surface at 120 °C.  
To confirm the peak assignments and interpretation of the spectra, we 
also recorded HREEL spectra of SC4Fc after annealing (Figure 5.1C). The 
relative intensities of P3 and P4 are reversed for the SC4Fc SAM indicating that 
the Fc units of SC4Fc SAM are more parallel orientated (more standing up) 
with respect to the surface normal than the Fc units of the SC3Fc SAM. These 
data agree with the more accurately determined the  value by NEXAFS (see 
Chapter 3 section 3.2.3). 
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Table 5.1 The peak assignments for HREEL data in-specular direction spectra of the SAMs of 
SC3Fc and SC4Fc on Au
TS

















SC3Fc SC4Fc SC3Fc SC4Fc  




 59 55 
anti-symmetric iron-
ring stretch 
P1 59.3 23     
P1 53.8 24     




 72 69 E2g, π(CH) 
P3 100.5 22 101 101 101 101 C-H bend out of the 
plane of the rings: 
A2u, π(CH) 
P3 102 23     
P3 108.6 24     
P4 130.2 22 130 130 130 129 C-H bend in the 
plane of the rings: 
E1u, π(CH) 
P4 125 23     
P4 115.8 24     
P5 155.5 22 153 153 153 153 A2u, δ(CH) P5 148.4 24     
P6 178.6 22 170 169 170 169 
E2u, π(CH) P6 175 23     
P6 182.8 24     
P7 199.3 22 211 210 211 210 
E1u, π(CH) P7 210 23     
P7 196.0 24     
P8 363.3 22 363 360 363 360 V(C-H) sp
3
 
P9 382.4 22 383 383 383 383 V(C-H) sp
2
 
P9  386   23      
a
 The P1 and P2 are very close to the noise levels before annealing and therefore their peak 
position could be determined. 
b








Figure 5.1 A) The HREEL spectrum of the SAMs of SC3Fc on Au
TS
 with peak assignments 





C (blue line), 90 
o
C (purple line), and 120 
o
C (green line). C) The HREEL spectra of 
the SAMs of SC3Fc (black line) and SC4Fc (red line) on Au
TS
 annealed at 90 
o
C for 1 h. D) 
The CVs of non-annealed (solid line) and annealed (dashed line) SC3Fc SAMs, 10 scans 
recorded at a scan rate of 1.0 V/s, with aqueous 1.0 M HClO4 as the electrolyte and a Ag/AgCl 
reference electrode. 
 
We also characterized the SAMs by CVs with aqueous 1 M HClO4 as 
electrolyte. Figure 5.1D shows the CVs before and after annealing of the 
SAMs of SC3Fc at 70 
o
C for 1 h in vacuum (10
-7
 mbar). The difference 
between the first and second scan is more pronounced for the non-annealed 
surfaces than that for the annealed surfaces. It is well-known
25
 that the Fc units 
in their oxidized state have a higher solubility in water than the Fc units in its 
neutral form. During the first scan the Fc units convert to Fc
+
 and the 
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physisorbed molecules desorb from the surface and dissolve in the electrolyte. 
The shape of the CVs did not change during the nice consecutive scans. From 
this experiment we conclude that the SAMs are, as expected, stable in our 
electrochemical conditions and that during the experiment only physisorbed 
material was removed from the SAM.  
We determined the ΓFc from the CVs (see Chapter 3 section 3.2.4.1). 




) is higher 
with larger error bars (which represent the average of three samples) than that 




). We also observed that 
after annealing, the CVs became slightly broader (the Efwhm increases by 63 ± 
2 mV) which may indicate improved interactions between the Fc units in the 
SAMs.
26-27
 Additionally, the Epa shifted to more negative potentials by 22 ± 2 
mV indicating that SAMs tends to be oxidized more easily which agrees with 
the removal of physisorbed materials. These CV results are in agreement with 
the HREELS data and annealing at 70 
o
C for 1 h effectively removes 
physisorbed materials. The CV data seem to suggest that SAM packing 
improved during annealing, any changes in the HREEL spectra were not 
apparent, and therefore we believe that annealing did not induces any 
conformational changes or phase transitions. 
From Chapter 3 section 3.2.4.1, the CV data show that the Epa of 
SAMs of SC3Fc (401 ± 11 mV) is higher than that of SAMs of SC4Fc (363 ± 3 
mV), by 38 ± 14 mV. Higher Epa (more difficult to oxidize) may refer to 
higher packing energy, or stronger Fc-Fc interactions, since oxidation of Fc to 
Fc
+




 ions causes 
rearrangements of the supramolecular structures of SAMs.
28
 Therefore, we 
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believe that in SAMs of SC3Fc, the Fc units interact stronger with each other 
by 38 ± 1 mV (0.88 ± 0.02  kcal/mol), than those in SAMs of SC4Fc.  
 
5.2.2. Packing in the Solid State 
Although the bulk and surface packing are difficult to compare to each 
other due to different driving forces for bulk packing (intermolecular 
interactions) and surface packing (intermolecular interactions and molecule-
surface interactions), some show proposed models of SAMs packing which 





 In this section we also show that these crystal structures provide 
valuable information to support our models. Figure 5.2 shows the packing of 
the molecules HSC3Fc and HSC4Fc and Table 5.2 lists crystal data and 
structure refinement for HSC3Fc and HSC4Fc determined by X-ray 
crystallography. Figure 5.2A and B show the arrangement of the molecules of 
the bulk crystal of HSC3Fc and HSC4Fc in the bc-plane, also referred as the 
(100)-crystal plane, with the thiol moieties in one plane (Table 5.3). The Fc 
units pack edge-to-face (EF), in the so-called T shape conformation, for the 
HSC3Fc bulk crystal, whereas they pack in a nearly parallel face-to-face (FF) 
alignment for the HSC4Fc bulk crystal. The different Fc orientations between 
rows of molecules in the crystal of both HSC3Fc and HSC4Fc are caused by 
the difference in azimuthal, or twist angle (β), angle of the carbon back-bone 
chain
31
 by ~90°. We measured the angle between the sulfur plane (or bc-plane) 
and the plane defined by the Cp of the Fc units to determine  values using the 
Mercury program.
32
 We obtained values of  = 61.55° and 44.06° with respect 
to the surface normal of the bc-plane for HSC3Fc and HSC4Fc, respectively. 
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The unit cell of HSC3Fc occupies an area of 3.95 nm
2
 (a dimension of 1.53 nm 
× 2.58 nm) with eight molecules, while the unit cell of HSC4Fc occupies an 
area of 3.49 nm
2
 (a dimension of 1.73 nm × 2.02 nm) with four molecules. 
The packing density of HSC3Fc (2.03 molecule/nm
2





about two times higher than that of HSC4Fc (1.14 molecule/nm
2







5.2.3. The Tilt-Angles of the Fc units 
Unfortunately, the orientation of Fc group in the SAMs could not be 
extracted from the available real space images obtained by STM. From the 
XRD data, we obtained the values of α = 61.55° and 44.06° for the crystal 
packing for HSC3Fc and HSC4Fc, respectively. From the NEXAFS data (see 
Chapter 3 section 3.2.3), we derived α = 60.2° and 45.4° for SAMs of SC3Fc 
and SC4Fc, respectively. These values are also in qualitative agreement with 
the HREELS data (Figure 5.1C).  
In Chapter 3, we reported that the odd-even dependence of α values for 
SCnFc with short chain, i.e., between n = 3 and 4 (~15°) is about 3 times 
higher than those with longer chain, i.e., between n = 10 and 11 (~5°), 
indicating that the packing of SAMs of SC3Fc and SC4Fc are strongly 
influenced by Fc-Fc interactions, supported by MD (see Chapter 3 section 
3.2.3) showing that Fc-Fc interaction dominate for the short SAMs (n < 5) and 
for thick SAMs with n > 5 Cn-Cn interactions dominate. Considering Fc group 
itself, Fc group is an aromatic system consisting of two Cp rings which is able 
to engage in the FF or EF intermolecular interactions. We suggested that more 
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horizontal orientation of Fc group of the SC3Fc SAMs (~15° larger α values) 
possibly induces EF intermolecular interactions, which is similar to the 
arrangement in the known monoclinic and orthorhombic forms of native 
ferrocene (determined by single crystal XRD).
33-35
 The more favorable EF 
interactions amongst the Fc groups leads to stronger lateral interactions and 
higher packing density resulting in an increase in the value of Epa (by 38 ± 1 
mV) for SC3Fc SAMs as compared to SC4Fc SAMs.  
 
 
Figure 5.2 The single crystal X-ray diffraction structures of the HSC3Fc (A) and the HSC4Fc 
(B) molecules. The molecules are projected in the bc-plane showing the sulfur plane and Cp 
ring plane. The α values HSC3Fc (C) and HSC4Fc (D) are 61.55° and 44.06°, respectively. 







Table 5.2 Crystal data and structure refinement for HSC3Fc and HSC4Fc.  
Crystal data 
Identification code  HSC3Fc HSC4Fc 
Empirical formula  C13H16FeS C14H18FeS 
Formula weight  260.17 274.19 
Temperature  100(2) K 100(2) K 
Wavelength  0.71073 Å 0.71073 Å 
Crystal system  Monoclinic Monoclinic 
Space group  P2(1)/c P2(1)/c 
Unit cell dimensions a = 12.134(2) Å, α = 90° a = 7.1738(6) Å, α = 90° 
 
b = 7.6542(14) Å,  
β = 108.447(3)° 
b = 8.6460(6) Å,  
β = 98.756(3)° 
 






Z 4 4 










F(000) 544 576 
Crystal size 0.20 x 0.10 x 0.02 mm
3
 0.36 x 0.20 x 0.10 mm
3
 
Theta range for data 
collection 1.77 to 27.50°. 2.57 to 27.49°. 
Index ranges 
-15 ≤ h ≤ 9, -9 ≤ k ≤ 9,  
-15 ≤ l ≤ 16 
-9 ≤ h ≤ 9, -11 ≤ k ≤ 11,  
-26 ≤ l ≤ 26 
Reflections collected 7409 20744 
Independent reflections 2605 [R(int) = 0.0395] 2836 [R(int) = 0.0496] 
Completeness to theta = 






Max. and min. transmission 0.9711 and 0.7569 0.8372 and 0.6860 
Refinement method 








Data / restraints / parameters 2605 / 0 / 139 2836 / 0 / 149 
Goodness-of-fit on F
2
 1.14 1.112 
Final R indices 
[I>2sigma(I)] R1 = 0.0467, wR2 = 0.1092 R1 = 0.0508, wR2 = 0.1636 
R indices (all data) R1 = 0.0516, wR2 = 0.1186 R1 = 0.0609, wR2 = 0.1693 
Largest diff. peak and hole 0.955 and -0.607 e.Å
-3







Table 5.3 The unit cells of SAMs of SC3Fc and SC4Fc on Au(111) compared to the unit cells 








crystal A B 
Unit cell of SAMs
a
 2√3a × 6a - 4a × 7a √31a × 2√13a - 
Dimension (nm)
b
 1.73×2.07 1.53×2.58 1.66×2.08 1.15×2.02 1.73×2.02 



























1.7 -                     1.8 - 
a
 a is the 0.288 nm lattice parameter of Au(111). 
b
 dimension is defined as width × length of the unit cell in nm.  
c
  is defined as the tilt angle of Fc units with respect to the surface normal, determined by the 
angle resolved NEXAFS data for the SAMs, and determined using Mercury program for the 
bulk crystal. 
d
 γ is defined as the angle between the edges of a unit cell. 
e




 The surface coverage was obtained by CV. 
 
5.2.4. Nanoscopic Characterization of the SAMs 
To explore the packing structure of the SAMs at the nano-scale, we 
performed STM experiments at room temperature under UHV conditions (2.0 
× 10
-10
 mbar). We have used electrochemically etched tungsten STM tips. We 
prepared the SAMs on hydrogen flame annealed Au(111) surfaces after which 
we introduced the samples immediately into the high vacuum chamber of the 
STM in order to minimize contamination from the ambient as much as 
possible. Despite these precautions, we found that physisorbed materials were 
always present on our samples (bright dots on the surface in Figure 5.3B, for 
instance). Müller-Meskamp et al.
9
 also reported the presence of excess 
molecules. As described above, annealing at 70 
o
C for 45 min reduced the 
amount of physisorbed materials.  
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Figure 5.3 shows the STM images of SAMs of SC3Fc from which we 
make the following five observations. i) The SAMs form well-ordered 
domains (panels A – C). ii) The dihedral angle γ (°) between the two 
orientations is ~74
o
 (panel A). iii) The broad stripes (caused by a row defect; 
see below) with a width of ~4 nm contain a perpendicularly orientated striped 
pattern with a width of ~0.4 nm (panel B). iv) The orientation of the pattern is 
retained in subsequent Au terraces (panel C). v) The line scans (panels C and 
D) show that the apparent depth of the groove between the broad stripes is ~15 
pm (panel E). 
 
Figure 5.3 STM images of well-ordered domains of SAMs of SC3Fc on Au(111) showing A) 
the different orientation of the domains with γ value of ~74o, B) a magnification of the stripes 
with a width of ~4 nm.  The strips exhibit a fine periodicity of ~0.4 nm along the defect row 
direction C) domains of well-ordered stripes of ~4 nm width extending over step edges. D) 
Magnification of the pattern in panel C showing the periodicity of ~0.4 nm marked in blue. E) 
The STM height profile recorded along the solid black line in panel D.  
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Figure 5.4 shows STM images of well-ordered domains of SC4Fc on 
Au(111). Two domains co-exist labelled as domains A, and B/Bʹ, as indicated 
in panels A and B. Panel A shows the presence of broad stripes of ~4 nm with 
γ of ~60o (domain A). Panel B shows the intersection of two stripes with 
different spacing of 1.6 × 2.0 nm with γ of ~80o (domain B), and stripes with a 
width of 2.0 nm aligned in parallel with respect to each other (domain Bʹ). 
Panel C and D shows magnification of the pattern of domain A and Bʹ. The 
apparent height profiles show that the grooves between the stripes of domain 
A (panel E) and Bʹ (panel F) have a depth of ~20 and ~30 pm, respectively. 
Domains B and Bʹ seem to contain the same conformation in packing 
structures since both domains consist of the same width of vertical stripes (2.0 
nm), but the horizontal line could not be observed for domain Bʹ due to low 





Figure 5.4 The STM images of SAMs of SC4Fc on Au(111). A) Domain A consisting of 
stripes with a width of ~4 nm with γ of 60o, and B) domain B with the intersection of two 
stripes patterns. The unit cell of domain B is 1.6 nm by 2.0 nm with γ of 80o. The width of the 
stripes of domain Bʹ is 2.0 nm (as explained in the main text we believe that domain B and Bʹ 
are the same). C) Magnification of domain A. D) Magnification of domain Bʹ. E) The STM-
height profile of domain A. and F) the STM-height profile of domain Bʹ. 
 
5.2.5. Packing of the SAMs  
Figure 5.5 presents the models for the SAMs, showing the proposed 
sulfur lattice (orange circles) on for SAMs of SC3Fc (panel A) and SC4Fc 
(panel B) on Au(111). The rectangular unit cell of the sulfur atoms of the 
molecules in the single crystal structure are given in yellow circles. Table 5.3 
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lists the parameters of the SAMs compared to the unit cell of their bulk 
crystals in the bc-plane. It is well-known that the sulfurs of SAMs of SCn on 
Au(111), pack in a (√3 × √3)𝑅30°  lattice.17, 36 In our case, the lattice of 
sulfurs on the surface is distorted because of the large Fc terminal groups (see 
Chapter 2 section 2.2.1). The STM images could not resolve the orientation of 
the Fc units and the diagonal lines in the circles represent the orientation of the 
Fc obtained from the crystal structures. We proposed the unit cell of the SAMs 
based on lattice spacing obtained from the crystal structures of their 
corresponding thiol derivatives and the angular distortion of the γ values 
obtained from STM results (Figure 5.3 and 5.4). We report the unit cells in 
units of a which is the nearest-neighbor distance (0.288 nm) of gold atoms in 
Au (111).  
For SAMs of SC3Fc we propose a primitive unit cell of 6𝑎 × 2√13𝑎 
with γ of 74° and dimensions of 2.07 × 1.73 nm. The sulfur lattice on Au(111) 
is stretched by 13%  in the  b-axis and compressed by 20% in the c-axis  
relative to the those of the crystal lattice (Figure 5.5A). The deviations 
between b- and c-axis lead to the distorted angle of 74
o
 as well as the build-up 
of strain between the Fc moieties. We believe that this strain causes the sulfurs 
to skip a row in order to release the strain at certain intervals (~4 nm, equal to 
6 molecules), resulting in row defects and the stripes (Figure 5.5C). Figure 
5.5E shows the side views of the SC3Fc SAM packing model and indicates the 
different spacing between sulfur atoms (0.58 nm) and Fc units (0.67 nm). This 
Figure shows that strain is relieved when the sulfurs skip one row after every 
six molecules resulting in a local depression. The depth of these depressions is 
15 – 30 pm. 
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For SAMs of SC4Fc, we propose two models to explain the structures 
of domains A and B, respectively. For domain A, we propose a primitive unit 
cell with a dimension of 4𝑎 × 7𝑎 with γ of 60° and dimensions of 1.15 × 2.02 
nm (Figure 5.5B conformation A). The lattice of the sulfurs is distorted from 
that derived from the crystal structure of HSC4Fc by a relatively large 
compression of the b-axis of 34% and only by stretching the c-axis by 3%. 
This distortion of b-axis results in the build-up of strain and induces row 
defects at intervals of 2.08 nm observed as “stripes” (or grooves) in the STM 
images (Figure 5.4A) as described above. 
The proposed unit cell for domain B is √31𝑎 × 2√13𝑎 with γ of 80° 
and dimensions of 1.60 × 2.08 nm (Figure 5.5B conformation B). The lattice 
of the sulfurs is only slightly distorted relative to that from the crystal structure 
by 8% compression in the b-axis and 3% stretch in the c-axis. These small 
distortions explain the absence of the row defects (or grooves) in conformation 
B (because no strain builds up relative to the crystal structure). We believe that 
the stripes that are visible in the STM image (Figure 5.4B) represent the 
dimension of the units because the stripes have a spacing of 2.0 nm and the 1.6 
nm spacing in the b-direction. The small height difference between two stripes 
(~30 pm; Figure 5.4F) could be caused by different Fc orientations because of 
a difference in the twist angle β between rows of molecules (as is also 
observed in the crystal structure), but the STM images do not resolve these 
subtle molecular effects. 
All proposed unit cells are parallelograms. For SAMs of SC3Fc, the  
6𝑎 × 2√13𝑎  unit cell occupies an area of 3.44 nm2 with eight molecules, 
resulting in a packing density of 2.33 molecule/nm
2
. For SAMs of SC4Fc in 
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conformation A, the 4𝑎 × 7𝑎 unit cell occupies an area of 2.01 nm2 with four 
molecules, resulting in a packing density of 1.99 molecule/nm
2
. For SAMs of 
SC4Fc in conformation B, the √31𝑎 × 2√13𝑎 unit cell occupies an area of 
3.28 nm
2
 with four molecules, resulting in a packing density of 1.22 
molecule/nm
2
. These numbers agree well with a packing density of ~2 
molecule/nm
2 




) obtained experimentally by CVs for 
SAMs of SC3Fc and SC4Fc. These surface coverages are about 30% lower 
than the packing density of SCnFc SAMs with n > 5 (2.7 molecule/nm
2





) based on a simple hexagonal packing model for Fc units 
where the Fc units are treated as spheres with a diameter of 0.67 nm. Figure 
5.6 shows the  and β values of the Fc units for the proposed unit cells. The  
values are 60° and 45° for SAMs of SC3Fc and SC4Fc, respectively, with a 
twist angle β of 0° and 90° between rows of molecules (for example, between 
row I and II) based on the XRD data. As a result, the Fc units are orientated 









Figure 5.5 The proposed models for the SAMs of A) SC3Fc and B) SC4Fc on Au(111). The 
circles and parallelograms represent sulfur lattices and unit cells of the SAM (marked in 
orange color), and the bulk crystal on bc-plane (marked in yellow color) placed on Au(111). 
The Fc lattices of the SAMs of C) SC3Fc and D) SC4Fc on Au(111). E) The side view of the 
SAMs packing of SC3Fc (Domain A) and SC4Fc (Domain B) (Panel C and D), showing the 
mismatch in distance between sulfur atoms (0.58 nm) and between Fc units (0.67 nm). The 
blue and black circles represent Fc lattices and row defects, respectively, and the diagonal 
lines in the circles represent the orientation of Fc units (perpendicular to Cp plane). The blue 





Figure 5.6 The models of orientation of Fc moieties in top view and side view for SAMs of A) 
SC3Fc and B) SC4Fc. The top view shows that the Fc group of SC3Fc interacts in edge-to-face 
interaction (red arrows) with neighbors, while the Fc group of SC4Fc aligns more upright in 
parallel to each other. The side view shows the   value of SC3Fc ( = 60°) is larger than that 
of SC4Fc ( = 45°) and shows the changes of β value by 90° between rows I and II. 
 
5.3. Conclusions 
We have imaged ordered domains of SAMs of SC3Fc and SC4Fc by 
STM. The STM imaging was made possible after annealing up to 70 °C to 
remove physisorbed materials. Our HREELS results indicate that annealing 
did not induce phase transitions or damage the SAMs. We studied the 
supramolecular structure of the SAMs using techniques (HREELS, CV, and 
NEXAFS) that probe large areas which are complementary to scanning probe 
based techniques. The agreement between all these techniques shows that the 
STM images represent the structures of the SAMs very well. The proposed 
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unit cells of the SAMs are similar to that of the crystal structures but are 
distorted. The distortions are induced by the mismatch in sizes between the Fc 
(0.67 nm) units, the sulfur atoms (0.58 nm), which cause the build-up of strain 
in the SAMs. This strain is relieved when the sulfurs skip one row on the 
Au(111) surface which were observed as strips at regular intervals of six 
molecules for the SC3Fc and SC4Fc SAM, respectively.  
We propose that the SAMs pack into the following unit cells: 6𝑎 ×
2√13𝑎  with γ of 74° for SAMs of SC3Fc, and 4𝑎 × 7𝑎  with γ of 60° 
(conformation A) and √31𝑎 × 2√13𝑎  with γ of 80° (conformation B) for 
SAMs of SC4Fc, which are essentially distorted crystal packing structures. The 
molecules are standing up (despite the short alkyl chains) and the  values of 
the Fc units are determined by the number of CH2 units (because the Au-S-C 
bond angle is fixed). Thus, the outcome of the assembly process is governed 
by odd-even effects, intermolecular interactions, and the build-up of lattice 
strain due to the mismatch in size of the bulky terminal Fc groups and the 
sulfur anchoring groups. Our findings improve our understanding of the 
supramolecular structure of these SAMs, but we believe that the findings 
reported here also apply to other systems. 
 
5.4. Experimental section 
5.4.1. Preparation of the Au substrates 
The hydrogen flame annealed Au substrates were prepared as follows. 
The Au substrates (250 nm of Au with a 2.5 nm Cr adhesion layer on glass) 
were purchased from Arrandee (Germany). The Au substrates were hydrogen 
flame annealed for 3-5 min to remove organic contaminants and to reconstruct 
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the Au surface to yield large atomically-flat terraces of Au(111).
5-6
 After 
annealing, the surfaces were immediately used (after cooling down to room 
temperature) to minimize contamination from the ambient. The hydrogen 
flame annealed Au substrates were used for the STM measurements, and Au
TS
 
substrates used for HREELS, CV, and NEXAFS. The preparation of the Au
TS
 
is described in Chapter 3 section 3.4.1). 
 
5.4.2. Scanning Tunneling Microscopy (STM) 
We performed the STM measurements using a RHK UHV700 system 
at room temperature under ultra-high vacuum (UHV) conditions (2.0 × 10
-10
 
mbar). We used electrochemically etched tungsten tips. The samples were 
loaded into the UHV STM for imaging. We annealed the SAMs at ~70 
o
C for 
45 min in UHV before we started the measurements.  STM images were 
recorded at sample bias range of ±1 to ± 2 V and tunnelling current range of 
30 – 100 pA.  
 
5.4.3. High Resolution Electron Energy Loss Spectroscopy 
(HREELS) 
The HREELS measurements were performed in a dual-chamber UHV 
system equipped with a Delta 0.5 high resolution electron energy loss 
spectrometer with a mu-metal magnetic shield. The sample stage was kept at 
the desired temperature within ±1 °C at a base pressure of 2.0 × 10
-10
 mbar. 
The specular spectra (θinc = 53°) were taken with an incident electron beam of 
5 eV. We annealed the SAMs at the desired temperatures for 60 min and 
recorded spectra both before and after annealing. 
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5.4.4. Cyclic Voltammetry (CV) 
The CVs were recorded using an Autolab PGSTAT302N potentiostat 
(Metrohm) and Nova 1.10 software. We used a custom built electrochemical 
cell equipped with platinum counter electrode, a Ag/AgCl reference electrode, 
and the Au
TS
 served as a working electrode. CVs were recorded in an aqueous 
solution 1.0 M HClO4, between -0.1 to 0.9 V at scan rate of 1.00 V/s. 
 
5.4.5. X-Ray Single Crystal Diffraction (XRD) 
The crystal structures of HSC3Fc (CCDC-No: 1020652) and HSC4Fc 
(CCDC-No: 1020653) were recorded using a Bruker Apex2 and SMART 
diffractometers. Single crystals of HSC3Fc and HSC4Fc suitable for X-ray 
diffraction were grown from solutions of pentane at –20 ℃ and the crystals 
were selected using an optical microscope equipped with a polarization filter. 
Structures were solved by direct methods using SHELXS-97 software. We 
determined the α of Fc units with respect to the surface normal with respect to 
the bc-plane of the crystal structure. 
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Chapter 6  
General Conclusions & Outlook 
This thesis describes the deeper understanding of the origin of the 
changes in electrochemical behavior as a result of changes in the chemical and 
supramolecular structures of the redox-active SAMs. We used the Fc-SAMs as 
model systems to study their supramolecular structures determined by a 
combination of complimentary characterization techniques, e.g., 
electrochemistry, X-ray absorption spectroscopy, scanning tunneling 
microscopy, and theoretically confirmed by MD and DFT calculations. We 
propose models to explain the non-ideal features of their CVs behavior, 
described in terms of intermolecular- and molecule-electrode interactions in 
the SAMs.  
Chapter 1 gives a short introduction to this thesis and Chapter 2 
provides a literature overview of the theoretical and experimental studies of 
supramolecular structures of redox-active SAMs induced by defects from their 
chemical and supramolecular structures, e.g., phase separation, interactions of 
redox-active groups, and charging/electrostatic effects (so-called intrinsic 
defects), and from the experimental conditions, e.g., quality of the metal 
surface, and the purification of thiol presusors (so-called extrinsic defects). 
These defects strongly influence the electrochemical behavior deviated from 
the ideal feature, e.g., peak broadening, peak shifting, and peak splitting.  
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Chapter 3 describes the CVs of SAMs of SCnFc (n = 0 – 15) in relation 
to their supramolecular structures. To achieve this, we minimized extrinsic 
defects by well-controlled experimental conditions using freshly prepared 
ultra-flat and clean Au
TS
 substrates and freshly purified thiol precusors. We 
propose models based on intermolecular interactions between the molecules in 
the SAMs: Fc-Fc interactions, Fc-Cn interaction, Cn-Cn interactions, and Fc-
Au interactions (van der Waals interactions, and orbital-hybridization), to 
explain the deviation of their behavior from electrochemical ideal system. By 
varying n, we classified three supramolecular structures of the SAMs related 
to deconvoluated CV peaks, consisting of peak I, II and III. Peak I refers to the 
packing of SAMs dominated by Fc-Fc interactions. For the SAMs with n < 5, 
the strong covalent Fc-Au interactions and non-covalent Fc-Au interactions 
are important, resulting in peak shifting and peak broadening. We found that 
when n = 0 or 1 the Fc orbitals hybridize with the Au d
5
 orbitals. This covalent 
Fc-Au interaction result in a factor of 2 – 3 broadening of the redox peak and a 
shift in the peak oxidation and reduction potentials of ~0.2 V. We assigned 
this peak as peak Iʹ. For SAMs with n = 2 the Fc-Au is weakly covalent in 
character while for ≥ 3 the redox is narrow and independent of n. This peak we 
assigned as peak I. We observed in all CVs a second peak when n ≥ 2 
(labelled as peak II) which are Fc units that are shielded from the electrolyte 
solution. As explained in detail in chapter 5, the thiolates on Au form a 
(√  √ )     lattice on Au, but the Fc units have a large diameter than the 
S-atoms and therefore cannot pack in a (√  √ )     lattice and 
consequently strain builds up. This strain is relieved in the form of defects and 
Fc units pack underneath each other. In the case of SC3Fc and SC4Fc SAMs, 
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we found that the strain was relieved by forming line-defects causing Fc unit 
at the line defect to be shielded from the electrolyte solution by the other Fc 
units. For taller SAMs, the strain can also be relieved by bending of the alkyl 
units (without forming energetically unfavourable Gauche defects).  
The line defects occur for every six molecules. Although, the ratio 
between the peaks I and II determined by CVs is different (a 4:1 ratio), these 
results validate the electrochemical observations in terms of the overall 
supramolecular structure and surface coverage in average. With increasing 
chain length, the surface coverage increases as the more Au-S bonds can form 
as strain can be relieved easier with increasing n (see below). For SAMs with 
n > 12 the Fc units are even more burried consequently resulting in a third 
peak. SAMs with n = 14 – 15 have higher surface coverage of Fc which is 






Peak III refers to the packing of the SAMs dominated by stronger Cn-
Cn interactions. We note that by changing n by one, from nodd to neven (so-
called odd-even effect), can enhance the packing energies of the SAMs by 0.5 
kcal/mol, resulting in appearance of peak III for n = 8, 10, 12. Thus, peak III 
results from densely packed SAMs with Fc units that are shielded by other Fc 
units (a fraction of Fc units locates underneath each other to release the strain 
from mismatch in sizes between Fc groups and CH2 units) and interact pre-
dominantly with the alkyl chains. But when the SAMs are odd, the steric 
repulsion between the Fc units weaken the Cn-Cn interaction resulting in a 
more liquid-like behavior of the SAMs and the Fc
+
-ions can be more easily 
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stabilized by the perchlorate ions from solution and peak III is not observed. 
We also show that defects originate from experimental conditions, i.e., the 
surface roughness of substrates and the purity of precursors cause changes in 
CVs, resulting in peak II to dominate and the appearance of peak IV which 
refers to disordered chemisorbed phase.  
Chapter 4 describes the CVs of the SAMs of SCnFcC13-n (n = 0 – 13) 
interpreted in terms of intermolecular interactions as well. The position of the 
Fc in SAMs influences their packing due to the mismatch in sizes between the 
bulky Fc groups and CH2 units, resulting in weakening of the Cn-Cn 
interactions and lower packing densities when Fc located closer to the bottom 
of the SAMs. Therefore, unlike the odd-even effects on SAMs of SCnFc, we 
did not observed peak III in this series. We suggest that the alkyl chain above 
the Fc units prevent them to pack underneath each other, resulting in no peak 
III observed. On the other hand, we found the packing of the SAMs with neven 
is dominated by peak II while the SAMs with nodd is dominated by peak I, 
indicating the more standing up Fc groups of neven (or smaller tilt angle α of Fc 
by 5°) enhances lateral interaction, i.e., Cn-Cn and Fc-Cn interaction. In 
addition, we see clearly and odd-even effect in the values of ΔEME, determined 
by UPS, referring to different dipole moment orientation in the SAMs between 
neven and nodd, in agreement with the odd-even effects on εr values estimated by 
CVs. Also, we observed peak IV for n = 0 and 1, indicating that the long alkyl 
chain above the bulk Fc units induces disorder chemisorbed phase in the 
SAMs, supported by the appearance of S0 peak in XPS spectra.  
We also show that the effects of the discrete charge associated with the 
Fc units in the SAMs and the Helmholtz plane of anions in electrolyte by 
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varying the position of the Fc units in the SAMs. The effects make the 
oxidation process much more difficult thermodynamically which significantly 
influence the shapes of CVs, i.e., peak shifting, peak broadening, and decrease 
of packing density. The larger Cdl and εr values of oxidized SAMs with 
decreasing n indicates the permeation of the ClO4
-
 anion through the 




. Remarkably, the εr values of neven 
are slightly higher (by 0.6 ± 0.3) than those of nodd, indicating to more induced 
interfacial dipole of neven due to more contributions along surface normal 
direction, supported by NEXAFS data that the Fc units in neven is more 
standing up than that of nodd. 
Chapter 5 reveals the supramolecular structures of the SAMs of SCnFc 
(n = 3 and 4) by scanning tunnelling microscopy (STM). The proposed 
packing structures of the SAMs are similar to that of their corresponding bulk 
crystal structures but are distorted. The STM images show the presence of row 
defects at intervals of 4 nm, i.e., every six molecules, because the mismatch in 
sizes between the Fc units and sulfur atoms on Au(111) induces strain in the 
SAMs, which is relieved by row defects. The STM results provide the 
evidence for the origin of peak I and peak II in CV data that the Fc units 
mainly exposed to the electrolyte, and some are a bit more buried at row 
defects (see above). Also, the difference of tilt angle α of Fc units of nodd and 
neven (by ~15° for n = 3 and 4), resulting in difference of the packing structure 
as well as packing density of these SAMs.  
The results presented in this thesis show the detailed understanding of 
the origin of changes in charge transport properties (i.e., electrochemical 
behavior) are caused by subtle changes in the chemical and supramolecular 
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structure of the SAMs. The subtle changes of packing structure, induced by 
varying number of n (i.e., coupling/decoupling between redox-active groups 
and electrode, odd-even effects), and the position of the redox-active groups in 
the SAMs (i.e., electrostatic effects at interface of redox-active groups and 
electrolyte) strongly influence their electrochemical features deviated from the 
ideal behavior, which are dramatically complicating the interpretation of data. 
The model based on molecule-molecule and molecule-substrate interactions 
explains the rich redox behavior of Fc SAMs. The model also accounts for 
defects induced by impurities and defects in the electrode materials.   
One of our major goals is to precisely control the charge transport 
properties of the molecules behaving as electronic components in electronic 
devices by changing in their chemical and supramolecular structures. The 
combining STM imaging with its spectroscopic modes (I-V and I-t 
characteristics) could potentially provide the electronic properties and 
dynamical process of molecular conformation changes in the SAMs. Also, 
study of new molecules with other types of redox-active species, likely will be 
useful to help in the rational design of redox-active SAM-based devices, and 
to develop a general theory of charge transport properties as a result of 






1. Synthesis of ferrocenyl-terminated n-alkanethiols: HS(CH2)nFc 
General procedures. The n-bromoalkanoic acid (Br(CH2)n-1COOH) with n = 3 – 6, 
8 – 12, 15 compounds, ferrocenyl methanol (HOCH2Fc), ferrocene acetic acid (HOOCCH2Fc) 
were commercially obtained from Sigma-Aldrich (n = 8, 10 – 12), Alfa Aesar (n = 3 – 6), and 
Pichemicals (n = 9 and 15). 7-bromoethylheptanoate (Br(CH2)6COOEt), 1, 11-
dibromoundecane (Br(CH2)11Br), and 1,12-dibromododecane (Br(CH2)12Br) were purchased 
from Sigma-Aldrich. Ferrocene, tert-butyllitium (t-BuLi), lithium aluminium hydride 
(LiAlH4), triphyenylphosphine, diisopropyl azodicarboxylate (DIAD), borane-tert-butylamine 
complex, anhydrous aluminium chloride (AlCl3), mercury (II) chloride (HgCl2), thioacetic 
acid, thiourea, lithium hydroxide (LiOH), and zinc granules were all purchased from Sigma-
Aldrich. Oxalyl chloride, diethyl malonate, sodium ethoxide, sulphur were all purchased from 
Alfa Aesar. Chemicals were used without further purification. Solvents for chemical synthesis 
were purified or freshly distilled prior to use. All moisture sensitive reactions were carried 
under a N2-atmosphere. Thin layer chromatography (TLC) glass plates coated with 0.25 mm 
thickness of silica gel 60 and fluorescent indication UV254, Macherey-Nagel, were used to 
monitor the progress of the reactions. The products were purified by column chromatography 





C NMR spectra were recorded on a Bruker Avance 300 MHz (AV300) 
spectrometer using chloroform-d as a solvent. Electrospray ionization (ESI) mass spectra were 
recorded on a Finnigan LCQ mass spectrometer. The melting points which were determined 
from the difference in heat flow of the sample (relative to a reference; a blank crucible) due to 
melting were recorded on Mettler Toledo differential scanning calorimeter 1 (DSC 1) as a 
function of temperature (from -30 
o
C to 60 
o
C).  
Ferrocenethiol (HSFc). The preparation of HSFc was done by Max Roemer (Dept. 
of Chemistry, National University of Singapore). HSFc was prepared by a modified literature 
procedure (Figure 3.2D). A Schlenk flask was charged with ferrocene (3.0 g, 16 mmol) and 25 
ml of THF. The resulting solution was cooled to 0 ℃ and t-BuLi (10 ml, 1.6 mmol) were 
added drop wise over 0.5 h. Stirring was continued for an additional hour and finely ground 
sulfur (517 mg, 16 mmol) was added in several small portions under vigorous stirring. The 
THF adduct of ferrocenyl lithiumthiolate formed and the solution turned deep red-orange and 
viscose. Aqueous HCl (0.1 M, 50 mL) was added to the solution and the mixture was 
extracted with ether (50 mL), the aqueous phase was washed with ether (20 mL, 2 times), 
combined organic extracts were dried over sodium sulfate and the solvents were removed in 
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vacuo. The resulting solid was purified by flash chromatography on silica eluting with 
hexane/EtOAc (9:1), affording diferrocenyl disulfide (S2Fc2) (1.6 g, 3.7 mmol, 23%) as 
yellow solid. The S2Fc2 was converted to HSFc by reduction with LiAlH4 in dimethoxyethane 
(DME): A Schlenk flask was charged with S2Fc2 (300 mg, 0.7 mmol) and DME (25 mL). The 
solution was cooled to 0 ℃ and an excess of LiAlH4 (131 mg, 3.5 mmol) was added slowly 
under stirring. The resulting suspension was refluxed for 2 h and allowed to cool down to 
room temperature. Washing with degassed water (50 mL) and extraction of the aqueous phase 
with degassed ether (25 mL, 2 times), drying of the organic phase over sodium sulfate and 
solvent evaporation afforded the product (189 mg, 0.9 mmol, 63%) of a yellow oil, which 
crystallized upon standing. 
1
H-NMR (300 MHz, CDCl3): δ 2.83 (s, 1 H, SH), 4.21 (s, 5H, 
HFc), 4.34 (s, 4H, HFc-). APCI-MS m/z 218 (M
+
-H) (calcd average mass for C10H10SFe: 
218.10). 
Ferrocenyl-methanethiol (HSCH2Fc). HSCH2Fc was prepared following a 
literature procedure (Figure 3.2E). Ferrocenyl methanol (2.16 g, 10 mmol) was dissolved in 
acetone (20 mL) and thioacetic acid (1.14 g, 15 mmol) was added. The mixture was stirred for 
12 h. Brine (20 ml) was added and the mixture was extracted with ether (20 mL, 2 times). 
Drying over sodium sulfate and, solvent evaporation and flash chromatography on silica using 
pentane/ether (9:1) as eluent afforded the thioacetate, AcSCH2SFc (2.1 g, 8.0 mmol, 77%). 
1
H-NMR (300 MHz, CDCl3): δ 2.32 (s, 3H, -COCH3), 3.91 (s, 2H, -FcCH2-), 4.11 (s, 4H, 
HFc-), 4.16 (s, 5H, HFc) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 30.2, 30.8, 68.1, 68.6, 
68.8 ppm. The thioacetate was converted to HSCH2Fc by basic hydrolysis: AcSCH2Fc (300 
mg, 1.1 mmol) were dissolved in degassed ethanol (10 mL). Degassed sodium hydroxide 
solution (65 mg, 1.6 mmol, in 5 mL of water) was added and the mixture was refluxed for 2h. 
After cooling down to room temperature, the pH was set acidic with degassed phosphoric acid 
(0.1 M). The suspension was extracted with ether (50 mL) and the organic phase was washed 
with water (20 mL, 2 times). The organic phase was dried over NaSO4, the solvent was 
removed under reduced pressure and the crude product was subject to column 
chromatography on silica, using hexane as eluent. Solvent evaporation in vaccuo afforded the 
HSCH2Fc (210 g, 0.9 mmol, 83%). 
1
H-NMR (300 MHz, CDCl3): 4.24 (pst, 4 H, Cp), 4.19 (s, 
5 H, Cp), 4.16 (pst, 4 H, Cp), 3.55 (d , J=7.2 Hz, 2 H, CH2), 1.80 (t, J=7.2 Hz, 2 H, SH). 
13
C-
NMR (75 MHz, CDCl3): 88.15, 68.52, 67.79, 67.74, 24.20. APCI-MS: m/z 231 (calcd average 
mass for C11H12SFe: 232.12). 
2-Ferrocenyl-1-ethanethiol (HS(CH2)2Fc). HS(CH2)2Fc was prepared from 
ferrocene acetic acid (HOOCCH2Fc) (Figure 3.2F).  HO(CH2)2Fc was obtained from 
reduction of ferrocene acetic acid with LiAlH4 in diethyl ether (Et2O).
 
 LiAlH4 (3.4 g, 90 
mmol) was dissolved in Et2O (100 mL). HOOCCH2Fc (3.1 g, 12.6 mmol) was added and the 
mixture was refluxed at 50 °C for 12 h. After cooling down to room temperature, the mixture 
of EtOH:Et2O (1:1) was added to quench the excess LiAlH4. Then the mixture was added in a 
solution of 2M of NaOH (500 mL). The organic phase was collected, dried over MgSO4, and 
concentrated. The product was purified by column chromatography over silica gel with 
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hexane/ethyl acetate (4:1) as eluent. The first fraction yields the HO(CH2)2Fc as an yellow 
solid (1.86 g, 10.7 mmol, 85%). 
1
H-NMR (300 MHz, CDCl3): δ 2.58 (t, J = 6.4 Hz, 2H, -
CH2Fc), 3.72 (t, J = 6.1 Hz, 2H, -CH2OH), 4.14 (s, 4H, HFc), 4.16 (s, 5H, HFc) ppm. The OH 
group was converted into the Br group by phosphorus tribromide (PBr3). HO(CH2)2Fc (0.5 g, 
2.17 mmol) and PBr3 (0.19 g, 0.72 mmol) were added in toluene (10 mL). The mixture was 
stirred at room temperature for 12 h. The mixture was washed with water (10 mL, 3 times). 
The organic phase was collected, dried over MgSO4, and concentrated. The product was 
purified by column chromatography over silica gel with hexane/ethyl acetate (100:1) as 
eluent. The first fraction yields the Br(CH2)2Fc as an yellow solid (0.51 g, 1.7 mmol, 80%). 
1
H-NMR (300 MHz, CDCl3): δ 2.89 (t, J = 7.7 Hz, 2H, -CH2Fc), 3.43 (t, J = 7.6 Hz, 2H, -
CH2Br), 4.12 (s, 4H, HFc), 4.15 (s, 5H, HFc) ppm. Finally, the Br group was converted to SH 
group by reacting Br(CH2)2Fc (0.96 g, 3.2 mmol) with thiourea (0.27 g, 3.5 mmol) in ethanol 
(20 mL). The mixture was reflexed for 16 h under N2 atmosphere, followed by the addition of 
an aqueous solution of 2.0 M potassium hydroxide (3.5 mmol, 10 mL) after which the mixture 
was refluxed for an additional 1 h. After cooling the reaction mixture to room temperature, the 
mixture was extracted with diethyl ether (10 mL, 3 times), the combined organic extracts were 
dried over MgSO4, and concentrated. The product was purified by column chromatography 
over silica gel with hexane as eluent. The product was isolated (first fraction) as a yellow 
viscous liquid (1.65 g, 6.7 mmol, 85%). The second fraction was the disulfide. 
1
H-NMR (300 
MHz, CDCl3): δ 2.45 (t, J = 7.2 Hz, 2H, -CH2Fc), 2.68 (q, J = 7.1 Hz, 2H, -CH2SH), 4.11 (s, 
4H, HFc-), 4.14 (s, 5H, HFc) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 29.7, 34.6, 67.5, 
68.2, 68.6, 86.6 ppm. ESI-MS m/z 246.01 (calcd average mass for C12H14SFe: 246.15). 
3-Ferrocenyl-1-propanethiol (HS(CH2)3Fc). HS(CH2)3Fc was prepared following a 
procedure (Figure 3.2A). 3-bromopropanoyl chloride was prepared from 3-bromopropanoic 
acid (2.05 g, 13.4 mmol) reacts with oxalyl chloride (4.26 g, 33.6 mmol) and DMF (0.10 mL, 
1.34 mmol) in DCM (15 mL) for 30 min at room temperature under N2 atmosphere following 
by removal of the volatiles in vacuo. The 3-bromopropanoyl chloride was used in the next 
step without further purification. To a solution of 3-bromopropanoyl chloride (2.3 g, 13.4 
mmol) in DCM (150 mL) was added ferrocene (2.49, 13.4 mmol) and anhydrous AlCl3 (1.79 
g, 13.4 mmol) under N2 atmosphere. The reaction mixture changed color from orange to dark 
purple upon addition of AlCl3. The reaction mixture was stirred for 2 h at 0 °C. After addition 
of deionized water (18.2 MΩcm, 20 mL), we stirred the reaction mixture for an additional 10 
min. The dark red colored organic layer was separated from the blue colored aqueous layer, 
dried over MgSO4, and concentrated. The product was purified by column chromatography 
over silica gel with hexane/ethyl acetate (9:1) as eluent. The second fraction yielded the 
product of 3-ferrocenyl-bromopropanone (2.57 g, 8.0 mmol, 60%) as a red color solid (the 
first fraction was native Fc and the third fraction was the disubstituted product. 
1
H-NMR (300 
MHz, CDCl3): δ 3.31 (t, J = 6.6 Hz, 2H, -CH2COFc), 3.74 (t, J = 7.0 Hz, 2H, -CH2Br), 4.26 





NMR (300/4=75 MHz, CDCl3): δ = 33.9, 34.1, 69.3, 69.8, 72.3, 79.0, 204.0 ppm. ESI-MS m/z 
320.84 (calcd average mass for C14H15OBrFe: 320.99).  
We used borane-tert-buthylamine complex for the reduction of the carbonyl group by 
additon of borane-tert-buthylamine complex (1.67 g, 19.2 mmol) in the presence of AlCl3 
(1.28 g, 9.6 mmol) into 3-ferrocenyl-bromopropanone (1.03 g, 3.2 mmol) in DCM (100 mL) 
at room temperature for 8 h under N2 atmosphere. The organic layer was extracted with water 
(10 mL, 3 times), dried over MgSO4, and concentrated. The product was purified by column 
chromatography over silica gel with hexane/ethyl acetate (100:1) as eluent. The first fraction 
yields the 3-ferrocenyl-bromopropane as an orange viscous liquid (0.93 g, 3.0 mmol, 95%). 
1
H-NMR (300 MHz, CDCl3): δ 2.04 (p, J = 7.7 Hz, 2H, -CH2CH2Br), 2.48 (t, J = 7.1 Hz, 2H, 
-CH2Fc), 3.42 (t, J = 6.6 Hz, 2H, -CH2Br), 4.10 (s, 4H, HFc-), 4.15 (s, 5H, HFc-) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 28.9, 32.8, 33.8, 67.3, 68.2, 68.7, 88.7 ppm. ESI-MS m/z 
306.86 (calcd average mass for C15H19BrFc: 307.01). 
Finally, the Br group was converted to SH group using the sample procedure used to 
prepare 2-Ferrocenyl-1-ethanethiol described above but using 3-ferrocenyl-bromopropane 
(0.99 g, 3.2 mmol) as the starting material. The product was purified by column 
chromatography over silica gel yielding the HS(CH2)3Fc as a yellow solid (1.74 g, 6.7 mmol, 
85%) 
1
H-NMR (300 MHz, CDCl3): δ 1.79 (m, 2H, -CH2CH2SH), 2.45 (t, J = 7.2 Hz, 2H, -
CH2Fc), 2.54 (q, J = 7.1 Hz, 2H, -CH2SH), 4.05 (s, 4H, HFc-), 4.10 (s, 5H, HFc) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 29.2, 30.0, 34.1, 67.2, 68.0, 68.6 ppm. ESI-MS m/z 
260.10 (calcd average mass for C13H16SFe: 260.17). m.p. 33.81
o
C. 
4-Ferrocenyl-1-butanethiol (HS(CH2)4Fc). HS(CH2)4Fc was prepared following a 
procedure (Figure 3.2A). 4-ferrocenyl-bromobutanone was prepared following the same 
procedure used to prepare 3-ferrocenyl-bromopropanone described above but using 4-
bromobutanoyl chloride as the starting material. 
1
H-NMR (300 MHz, CDCl3): δ 1.95 (p, J = 
7.1 Hz, 2H, -CH2CH2Br), 2.77 (t, J = 7.1 Hz, 2H, -CH2COFc), 3.44 (t, J = 6.9 Hz, 2H, -
CH2Br), 4.19 (s, 5H, HFc), 4.50 (t, J = 1.9 Hz, 2H, HFcCO-), 4.77 (t, J = 1.8 Hz, 2H, HFcCO-
)  ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 32.4, 33.8, 39.9, 69.3, 69.7, 72.3, 79.0, 204.1 
ppm. ESI-MS m/z 334.87 (calcd average mass for C14H15OBrFe: 335.02). We used freshly 
prepared zinc-mercury amalgam for the Clemensen reduction of the carbonyl group by 
addition of Zn granlues (5.50 g, 84.3 mmol) and HgCl2 (0.37 g, 1.38 mmol) to toluene (30 
mL) followed by the addition of water (30 mL) and aqueous HCl (12 M, 15 mL). We added 4-
ferrocenyl-bromobutanone (1.84 g, 5.5 mmol) to this two-phase mixture, and refluxed for 16 h 
while the reaction mixture was vigorously stirred. After cooling the reaction mixture to room 
temperature, the organic layer was extracted with water (10 mL, 3 times), dried over MgSO4, 
and concentrated. The product was purified by column chromatography over silica gel with 
hexane/ethyl acetate (100:1) as eluent. The first fraction yielded the 4-ferrocenyl-bromobutane 
as an orange viscous liquid (2.50 g, 7.8 mmol, 90%). 
1
H-NMR (300 MHz, CDCl3): δ 1.66 (p, 
2H, -CH2CH2Fc) 1.87 (p, J = 7.4 Hz, 2H, -CH2CH2Br), 2.36 (t, J = 7.6 Hz, 2H, -CH2Fc), 3.42 





MHz, CDCl3): δ = 28.7, 29.5, 32.5, 33.7, 67.2, 68.1, 68.6, 88.6 ppm. ESI-MS m/z 320.88 
(calcd average mass for C15H19BrFc: 321.03). The Br group was converted to SH group 
following the same procedure used to prepare 2-Ferrocenyl-1-ethanethiol described above but 
using 4-ferrocenyl-bromobutane as the starting material. The product was purified by column 
chromatography over silica gel yielding the HS(CH2)4Fc as a yellow solid (1.12 g, 4.1 mmol, 
75%). 
1
H-NMR (300 MHz, CDCl3): δ 1.31 (m, 2H, FcCH2CH2-), 1.62 (m, 2H, CH2CH2SH), 
2.34 (t, J = 7.2 Hz, 2H, -CH2Fc), 2.52 (q, J = 7.2 Hz, 2H, -CH2SH), 4.05 (s, 4H, HFc), 4.10 (s, 
5H, HFc) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.5, 29.1, 29.7, 33.8, 67.1, 68.0, 68.5 
ppm. ESI-MS m/z 274.13 (calcd average mass for C14H18SFe: 274.20). m.p. 28.63
o
C. 
5-Ferrocenyl-1-pentanethiol (HS(CH2)5Fc). This compound was prepared via the 
procedure used to prepare HS(CH2)4Fc but using 5-bromopentanoyl chloride as the starting 
material. The product was purified by column chromatography on silica gel yielding the 5-
ferrocenyl-1-pentanethiol as a yellow liquid (1.84 g, 6.4 mmol, 43% overall yield). 5-
ferrocenyl-bromopentanone: 
1
H-NMR (300 MHz, CDCl3): δ 1.75 (p, J = 8.0 Hz, 2H, -
CH2CH2COFc), 1.92 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.74 (t, J = 7.1 Hz, 2H, -CH2COFc), 
3.44 (t, J = 6.9 Hz, 2H, -CH2Br), 4.20 (s, 5H, HFc), 4.51 (t, J = 1.9 Hz, 2H, HFcCO-), 4.77 (t, 
J = 1.8 Hz, 2H, HFcCO-)  ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 28.0, 32.4, 33.8, 39.8, 
69.4, 69.7, 72.3, 79.1, 204.0 ppm. ESI-MS m/z 348.89 (calcd average mass for C15H17OBrFe: 
349.04). 5-ferrocenyl-bromopentane: 
1
H-NMR (300 MHz, CDCl3): δ 1.50 (m, 4H, -
(CH2)2CH2Fc) 1.88 (p, J = 6.9 Hz, 2H, -CH2CH2Br), 2.34 (t, J = 6.6 Hz, 2H, -CH2Fc), 3.41 (t, 
J = 6.8 Hz, 2H, -CH2Br), 4.06 (s, 4H, HFc-), 4.10 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 
MHz, CDCl3): δ = 28.1, 29.4, 30.3, 32.7, 33.8, 67.1, 68.1, 68.5, 89.0 ppm. ESI-MS m/z 336.15 
(calcd average mass for C15H19BrFc: 335.06). 5-ferrocenyl-1-pentanethiol: 
1
H-NMR (300 
MHz, CDCl3): δ 1.31-1.66 (m, 4H, -CH2CH2CH2-), 1.63 (m, 2H, CH2CH2SH), 2.33 (t, J=6.9 
Hz, 2H, -CH2Fc), 2.53 (q, J=7.3 Hz, 2H, -CH2SH), 4.05 (s, 4H, HFc), 4.09 (s, 5H, HFc) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.3, 29.0, 29.5, 31.0, 34.1, 67.0, 68.1, 68.5 
ppm. ESI-MS m/z 288.16 (calcd average mass for C15H20SFe: 288.23) m.p. -7.26 
o
C. 
6-Ferrocenyl-1-hexanethiol (HS(CH2)6Fc). This compound was prepared via the 
procedure used to prepare HS(CH2)4Fc but using 6-bromohexanoyl chloride as the starting 
material. The product was purified by column chromatography on silica gel yielding the 6-
ferrocenyl-1-hexanethiol as a yellow viscous liquid (2.03 g, 6.7 mmol, 45% overall yield). 6-
ferrocenyl-bromohexanone: 
1
H-NMR (300 MHz, CDCl3): δ 1.56 (p, J = 6.9 Hz, 2H, -
CH2CH2CH2Br), 1.74 (p, J = 8.1 Hz, 2H, -CH2CH2COFc), 1.93 (p, J = 7.2 Hz, 2H, -
CH2CH2Br), 2.73 (t, J = 7.2 Hz, 2H, -CH2COFc), 3.44 (t, J = 6.9 Hz, 2H, -CH2Br), 4.19 (s, 
5H, HFc), 4.50 (t, J = 1.9 Hz, 2H, HFcCO-), 4.78 (t, J = 1.8 Hz, 2H, HFcCO-)  ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 23.5, 28.0, 32.6, 33.7, 39.4, 69.3, 69.7, 72.2, 79.0, 204.1 
ppm. ESI-MS m/z 362.93 (calcd average mass for C16H19OBrFe: 363.08). 6-ferrocenyl-
bromohexane: 
1
H-NMR (300 MHz, CDCl3): δ 1.26-1.56 (m, 6H, -(CH2)3CH2CH2Fc) 1.86 (p, 
J = 7.1 Hz, 2H, -CH2CH2Br), 2.33 (t, J = 7.4 Hz, 2H, -CH2Fc), 3.41 (t, J = 6.8 Hz, 2H, -





NMR (300/4=75 MHz, CDCl3): δ = 28.0, 28.7, 29.5, 31.0, 32.8, 34.0, 67.1, 68.1, 68.5, 89.5 
ppm. ESI-MS m/z 348.19 (calcd average mass for C16H21BrFc: 349.09). 6-ferrocenyl-1-
hexanethiol: 
1
H-NMR (300 MHz, CDCl3): δ 1.26-1.64 (m, 8H, -(CH2)4CH2Fc), 2.32 (t, J = 7.4 
Hz, 2H, -CH2Fc), 2.53 (q, J = 7.2 Hz, 2H, -CH2SH), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 
2H, HFc-), 4.09 (s, 5H, HFc-) ppm.
13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.2, 29.0, 
29.5, 31.0, 34.0, 67.1, 68.1, 68.5, 89.4 ppm. ESI-MS m/z 302.13 (calcd average mass for 
C16H22SFe: 302.26) m.p. 27.20 
o
C. 
7-Ferrocenyl-1-heptanethiol (HS(CH2)7Fc). 7-bromoheptanoic acid was prepared 
via hydrolysis of 7-bromoethylheptanoate (1.20 g, 5.1 mmol) with LiOH (0.40 g, 16.9 mmol) 
in ethanol (20 mL) for 24 h at room temperature (Figure 3.2B).  After removal of the volatiles 
in vacuo, we cooled the reaction mixture with an ice/water bath and added 2.0 M aqueous HCl 
(10 mL, 16.9 mmol). The reaction mixture was extracted with ethyl acetate (10 mL, 3 times). 
The combined organic extracts were one time extracted with water (30 mL), dried over 
MgSO4, and concentrated. The residue was obtained as a pale yellow solid (1.05 g, 5.0 mmol, 
98% yield). 
1
H-NMR (300 MHz, CDCl3): δ 1.34 – 1.49 (m, 4H, -(CH2)2CH2CH2Br), 1.65 (p, J 
= 7.6 Hz, 2H, -CH2CH2COOH), 1.87 (p, J = 6.8 Hz, 2H, -CH2CH2Br), 2.36 (t, J = 7.4 Hz, 2H, 
-CH2COOH), 3.40 (t, J = 6.8 Hz, 2H, -CH2Br) ppm. Without further purification, the crude 
product (1.03 g, 4.9 mmol of 7-bromoheptanoic acid with roughly 2% starting material 
according to the 
1
H-NMR spectrum) was used to prepare 7-ferrocenyl-1-heptanethiol (0.81 g, 
2.6 mmol, 53 % overall yield) following the same procedure described above. 7-ferrocenyl-
bromoheptanone: 
1
H-NMR (300 MHz, CDCl3): δ 1.41-1.51 (m, 4H, -(CH2)2CH2CH2Br), 1.74 
(p, J = 8.1 Hz, 2H, -CH2CH2COFc), 1.93 (p, J = 7.2 Hz, 2H, -CH2CH2Br), 2.73 (t, J = 7.2 Hz, 
2H, -CH2COFc), 3.44 (t, J = 6.9 Hz, 2H, -CH2Br), 4.19 (s, 5H, HFc), 4.50 (t, J = 1.9 Hz, 2H, 
HFcCO-), 4.78 (t, J = 1.8 Hz, 2H, HFcCO-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 
24.1, 27.9, 28.4, 32.5, 33.8, 39.3, 69.2, 69.6, 72.1, 78.9, 204.3 ppm. ESI-MS m/z 376.96 
(calcd average mass for C17H21OBrFe: 377.11).  7-ferrocenyl-bromoheptane: 
1
H-NMR (300 
MHz, CDCl3): δ 1.26-1.54 (m, 8H, -(CH2)4CH2CH2Br), 1.86 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 
2.26 (t, J = 7.4 Hz, 2H, -CH2Fc) 3.41 (t, J = 6.8 Hz, 2H, -CH2Br), 4.04 (broad s, 2H, HFc-), 
4.05 (broad s, 2H, HFc-), 4.10 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 
26.1, 29.3, 29.5, 29.6, 30.6, 31.0, 32.7, 67.0, 68.1, 68.5, 89.5 ppm. ESI-MS m/z 364.01 (calcd 
average mass for C17H23BrFe: 363.12). 7-ferrocenyl-1-heptanethiol: 
1
H-NMR (300 MHz, 
CDCl3): δ 1.26-1.64 (m, 10H, -(CH2)5CH2CH2SH), 2.31 (t, J = 7.4 Hz, 2H, -CH2Fc), 2.53 (q, J 
= 7.2 Hz, 2H, -CH2SH), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.10 (s, 5H, HFc-) 
ppm.
 13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.3, 28.9, 29.5, 29.6, 31.0, 34.0, 67.0, 




8-Ferrocenyl-1-octanethiol (HS(CH2)8Fc). The 8-ferrocenyl-1-octanethiol was 
prepared following the same procedure as described above for the preparation of HS(CH2)4Fc, 
but using 8-bromooctanoyl chloride (2.99 g, 13.4 mmol) as the starting material. The product 
was purified by column chromatography over silica gel yielding the 8-ferrocenyl-1-
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octanethiol as a yellow solid (2.42 g, 7.4 mmol, 55% overall yield). 
1
H-NMR (300 MHz, 
CDCl3): δ 1.38 - 1.76 (m, 8H, -(CH2)4CH2CH2Br), 1.87 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.70 
(t, J = 7.2 Hz, 2H, -CH2COFc), 3.41 (t, J  =  6.9 Hz, 2H, -CH2Br), 4.19 (s, 5H, HFc-), 4.49 (t, 
J = 2.0 Hz, 2H, HFcCO-), 4.78 (t, J = 1.8 Hz, 2H, HFcCO-) ppm. 
13
C-NMR (300/4=75 MHz, 
CDCl3): δ = 24.4, 28.0, 28.7, 29.3, 32.7, 33.9, 40.0, 69.3, 69.7, 72.1, 204.5 ppm. ESI-MS m/z 
393.02 (calcd average mass for C18H23OBrFe: 391.14). 8-ferrocenyl-bromooctane: 
1
H-NMR 
(300 MHz, CDCl3): δ 1.26-1.55 (m, 10H, -(CH2)5CH2CH2Br), 1.86 (p, J = 7.1 Hz, 2H, -
CH2CH2Br), 2.31 (t, J = 7.6 Hz, 2H, -CH2Fc) 3.41 (t, J = 6.9 Hz, 2H, -CH2Br), 4.03 (broad s, 
2H, HFc-), 4.04 (broad s, 2H, HFc-), 4.10 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, 
CDCl3): δ = 28.1, 28.7, 29.2, 29.4, 29.5, 31.0, 32.7, 33.9, 34.5, 66.9, 68.0, 68.4, 89.2 ppm. 
ESI-MS m/z 378.17 (calcd average mass for C18H25BrFe: 377.15). 8-ferrocenyl-1-octanethiol: 
1
H-NMR (300 MHz, CDCl3): δ 1.26-1.61 (m, 12H, -(CH2)6CH2CH2Br), 2.30 (t, J = 7.6 Hz, 
2H, -CH2Fc), 2.52 (q, J = 7.2 Hz, 2H, -CH2SH), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, 
HFc), 4.10 (s, 5H, HFc) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.3, 29.0, 29.3, 
29.5, 31.0, 34.0, 66.9, 68.0, 68.4, 89.4 ppm. ESI-MS m/z 330.15 (calcd average mass for 
C18H26SFe: 330.32) m.p. 37.73 
o
C. 
9-Ferrocenyl-1-nonanethiol (HS(CH2)9Fc). This compound was prepared via the 
procedure used to prepare HS(CH2)4Fc but using 9-bromononanoic acid (3.18 g, 13.4 mmol) 
as the starting material yielding the 9-ferrocenyl-1-nonanethiol as a yellow liquid (2.48 g, 7.2 
mmol,54% overall yield). 9-ferrocenyl-bromononanone: 
1
H-NMR (300 MHz, CDCl3): δ 1.36-
1.70 (m, 10H, -(CH2)5CH2CH2Br), 1.86 (p, J = 6.9 Hz, 2H, -CH2CH2Br), 2.69 (t, J = 7.4 Hz, 
2H, -CH2COFc), 3.40 (t, J = 6.8 Hz, 2H, -CH2Br), 4.19 (s, 5H, HFc-), 4.48 (t, J = 2.0 Hz, 2H, 
HFcCO-), 4.77 (t, J = 2.0 Hz, 2H, HFcCO-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 
24.5, 28.1, 28.6, 29.3, 29.4, 32.8, 34.0, 69.3, 69.7, 72.1, 79.2, 204.6 ppm. ESI-MS m/z 406.97 
(calcd average mass for C19H25OBrFe: 405.17). 9-ferrocenyl-bromononane: 
1
H-NMR (300 
MHz, CDCl3): δ 1.30-1.55 (m, 12H, -(CH2)6CH2CH2Br), 1.86 (p, J = 7.1 Hz, 2H, -
CH2CH2Br), 2.31 (t, J = 7.4 Hz, 2H, -CH2Fc) 3.41 (t, J = 6.8 Hz, 2H, -CH2Br), 4.04 (broad s, 
2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, 
CDCl3): δ = 28.2, 28.7, 29.4, 29.6, 31.1, 32.8, 34.0, 67.0, 68.0, 68.4, 89.5 ppm. ESI-MS m/z 
390.14 (calcd average mass for C19H27BrFe: 391.18). 9-ferrocenyl-1-nonanethiol: 
1
H-NMR 
(300 MHz, CDCl3): δ 1.26-1.61 (m, 14H, -(CH2)7CH2CH2Br), 2.31 (t, J = 7.4 Hz, 2H, -
CH2Fc), 2.52 (q, J = 7.2 Hz, 2H, -CH2SH), 4.05 (broad s, 2H, HFc-), 4.06 (broad s, 2H, HFc-), 
4.10 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.3, 29.0, 29.4, 29.5, 
31.0, 34.0, 67.0, 68.0, 68.4, 89.6 ppm. ESI-MS m/z 344.21 (calcd average mass for 
C19H28SFe: 344.35) m.p. 20.69 
o
C. 
10-Ferrocenyl-1-decanethiol (HS(CH2)10Fc). This compound was prepared using 
the same procedure as described to prepare HS(CH2)4Fc, but using 10-bromodecanoic acid 
(3.37 g, 13.4 mmol) as the starting material yielding the 10-ferrocenyl-1-decanethiol as a 
yellow solid (2.62 g, 7.3 mmol, 55% overall yield). 10-ferrocenyl-bromodecanone:  
1
H-NMR 
(300 MHz, CDCl3): δ 1.27-1.59 (m, 12H, -(CH2)6CH2CH2Br), 1.85 (p, J = 7.2 Hz, 2H, -
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CH2CH2Br), 2.69 (t, J = 6.9 Hz, 2H, -CH2COFc), 3.41 (t, J = 6.9 Hz, 2H, -CH2Br), 4.19 (s, 
5H, HFc-), 4.49 (t, J = 1.8 Hz, 4H, HFcCO-), 4.78 (t, J = 1.8 Hz, 4H, HFcCO-) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.1, 28.6, 29.5, 29.4, 32.7, 34.0, 69.3, 69.7, 72.1, 
79.2, 204.7 ppm. ESI-MS m/z 419.00 (calcd average mass for C20H27OBrFe: 419.20). 10-
ferrocenyl-bromodecane: 
1
H-NMR (300 MHz, CDCl3): δ 1.28-1.54 (m, 14H, -
(CH2)7CH2CH2Br), 1.85 (p, J = 6.9 Hz, 2H, -CH2CH2Br), 2.26 (t, J = 7.0 Hz, 2H, -CH2Fc), 
3.41 (t, J = 6.9 Hz, 2H, -CH2Br), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 
5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 28.2, 28.8, 29.4, 29.6, 29.6, 31.1, 
32.8, 34.0, 67.0, 68.0, 68.4, 89.5 ppm. ESI-MS m/z 404.23 (calcd average mass for 
C20H29BrFe: 405.21). 10-ferrocenyl-1-decanethiol: 
1
H-NMR (300 MHz, CDCl3): δ 1.28-1.64 
(m, 16H, -(CH2)8CH2CH2Br), 2.30 (t, J = 7.1 Hz, 2H, -CH2Fc), 2.54 (q, J = 7.1 Hz, 2H, -
CH2SH), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc), 4.10 (s, 5H, HFc) ppm. 
13
C-NMR 
(300/4=75 MHz, CDCl3): δ = 24.6, 28.3, 29.0, 29.4, 29.5, 31.0, 34.0, 67.1, 68.0, 68.4, 89.5 
ppm. ESI-MS m/z 358.20 (calcd average mass for C20H30SFe: 358.38) m.p. 45.82 
o
C. 
11-Ferrocenyl-1-undecanethiol (HS(CH2)11Fc). This compound was prepared using 
the same procedure as described to prepare HS(CH2)4Fc, but using 11-bromoundecanoic acid 
(3.55 g, 13.4 mmol) as the starting material.yielding the 11-ferrocenyl-1-undecanethiol as a 
yellow solid (2.79 g, 7.5 mmol, 56% overall yield). 11-ferrocenyl-bromoundecanone: 
1
H-
NMR (300 MHz, CDCl3): δ 1.25-1.45 (m, 12H, -(CH2)6CH2CH2Br), 1.70 (p, 2H, J = 6.9 Hz, -
CH2CH2COFc), 1.85 (p, 2H, J = 7.1 Hz, 2H, -CH2CH2Br), 2.69 (t, J = 7.4 Hz, 2H, -
CH2COFc), 3.40 (t, J = 6.9 Hz, 2H, -CH2Br), 4.19 (s, 5H, HFc-), 4.48 (t, J = 2.0 Hz, 2H, 
HFcCO-), 4.78 (t, J = 2.0 Hz, 2H, HFcCO-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 
24.5, 28.1, 28.7, 29.3, 29.4, 31.6, 31.8, 32.7, 33.9, 39.7, 69.3, 69.7, 72.0, 79.1, 204.6 ppm. 
ESI-MS m/z 433.03 (calcd average mass for C21H29OBrFe: 433.23). 11-ferrocenyl-
bromoundecane: 
1
H-NMR (300 MHz, CDCl3): δ 1.28-1.55 (m, 16H, -(CH2)8CH2CH2Br), 1.86 
(p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.31 (t, J = 7.6 Hz, 2H, -CH2Fc) 3.41 (t, J = 6.9 Hz, 2H, -
CH2Br), 4.03 (broad s, 2H, HFc-), 4.04 (broad s, 2H, HFc-), 4.10 (s, 5H, HFc-) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 28.2, 28.8, 29.4, 29.5, 29.6, 31.1, 32.8, 34.0, 67.0, 68.0, 
68.4, 89.6 ppm. ESI-MS m/z 418.24 (calcd average mass for C21H31BrFe: 419.24). 11-
ferrocenyl-1-undecanethiol: 
1
H-NMR (300 MHz, CDCl3): δ 1.26-1.63 (m, 18H, -
(CH2)9CH2CH2Br), 2.31 (t, J = 7.6 Hz, 2H, -CH2Fc), 2.52 (q, J = 7.1 Hz, 2H, -CH2SH), 4.04 
(broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.10 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 
MHz, CDCl3): δ = 24.6, 28.4, 29.1, 29.5, 29.6, 31.1, 34.0, 67.0, 68.0, 68.4, 89.6 ppm. ESI-MS 
m/z 372.18 (calcd average mass for C21H32SFe: 372.18) m.p. 39.25 
o
C. 
12-Ferrocenyl-1-dodecanethiol (HS(CH2)12Fc). This compound was prepared using 
the same procedure as described to prepare HS(CH2)6Fc, but using 12-bromododecanoic (3.74 
g, 13.4 mmol) as the starting material yielding the 12-ferrocenyl-1-dodecanethiol as a yellow 
solid (1.62 g, 4.2 mmol, 84 % yield). 12-ferrocenyl-bromododecanone:  
1
H-NMR (300 MHz, 
CDCl3): δ 1.27-1.65 (m, 14H, -(CH2)7CH2CH2Br), 1.70 (p, J = 6.9 Hz, 2H, -CH2CH2COFc), 
1.81 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.69 (t, J = 6.9 Hz, 2H, -CH2COFc), 3.41 (t, J = 6.9 Hz, 
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2H, -CH2Br), 4.20 (s, 5H, HFc-), 4.47 (t, J = 1.8 Hz, 2H, HFcCO-), 4.78 (t, J = 1.8 Hz, 2H, 
HFcCO-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.1, 28.7, 29.5, 32.8, 34.0, 
39.7, 69.3, 69.7, 72.1, 79.2, 204.7 ppm. ESI-MS m/z 447.06 (calcd average mass for 
C22H31OBrFe: 447.26). 12-ferrocenyl-bromododecane: 
1
H-NMR (300 MHz, CDCl3): δ 1.28-
1.56 (m, 18H, -(CH2)9CH2CH2Br), 1.86 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.31 (t, J = 7.4 Hz, 
2H, -CH2Fc), 3.41 (t, J = 6.9 Hz, 2H, -CH2Br), 4.05 (broad s, 2H, HFc-), 4.06 (broad s, 2H, 
HFc-), 4.10 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 28.1, 28.7, 29.4, 29.5, 
29.6, 31.0, 32.8, 34.0, 66.9, 68.0, 68.4, 89.6 ppm. ESI-MS m/z 432.21 (calcd average mass for 
C22H33BrFe: 433.27). 12-ferrocenyl-1-dodecanethiol: 
1
H-NMR (300 MHz, CDCl3): δ 1.26-
1.63 (m, 20H, -(CH2)10CH2CH2Br), 2.31 (t, J = 7.4 Hz, 2H, -CH2Fc), 2.52 (q, J = 7.3 Hz, 2H, -
CH2SH), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 5H, HFc-) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.3, 29.0, 29.4, 29.5, 31.0, 34.0, 67.0, 68.0, 68.4, 
89.5 ppm. ESI-MS m/z 386.24 (calcd average mass for C22H34SFe: 386.44) m.p. 49.35 
o
C. 
13-Ferrocenyl-1-tridecanethiol (HS(CH2)13Fc). The 13-bromotridecanoic acid is 
not commercially available and was prepared from the corresponding diethyl malonate (Figure 
3.2C). Diethyl malonate (2.21 g, 16.7 mmol) was added to a solution of sodium ethoxide (1.14 
g, 16.7 mmol) in ethanol (50 mL). The mixture was heated at 60 
o
C for 1 h. Subsequently, we 
added 1,11-dibromoundecane (4.77 g, 15.2 mmol) and refluxed the mixture for an additional 
for 16 h. After letting the reaction mixture cool to room temperature, the mixture was filtrated, 
extracted with ethyl acetate, washed with water, and dried over MgSO4. After evaporation of 
the volatiles, we obtained the ethyl 2-ethoxycarbonyl-13-bromotricanoate (4.8 g, 12.3 mmol, 
81% yield). Without further purification, the crude product (4.1 g, 10.0 mmol of 2-
ethoxycarbonyl-13-bromotricanoate with remaining starting material of roughlt 20% 
according the 
1
H-NMR spectrum) was dissolved in 48% HBr (10.0 mmol). The mixture was 
refluxed for 72 h. After cooling to room temperature, water (20 mL) was added to the mixture 
followed by extraction with CHCl3 (50 mL, 3 times). The combined organic extracts were 
washed with de-ionized water, dried over MgSO4, and concentrated. Purification by column 
chromatography over silica gel (hexane/dichloromethane/ethyl acetate, 5:2:2) yielded 13-
bromotridecanoic acid (1.50 g, 5.1 mmol, 51% yield). 
1
H-NMR (300 MHz, CDCl3): δ 1.22-
1.42 (m, 16H, -(CH2)8CH2CH2Br), 1.65 (p, J = 7.4 Hz, 2H, -CH2CH2COOH), 1.85 (p, J = 7.4 
Hz, 2H, -CH2CH2Br), 2.35 (p, J = 7.4 Hz, 2H, -CH2COOH), 3.40 (t, J = 6.8 Hz, 2H, -CH2Br) 
ppm. 13-ferrocenyl-1-tridecanethiol was prepared using the same procedure as described to 
prepare HS(CH2)4Fc, but using 13-bromotridecanoic acid (1.50 g, 5.1 mmol) as the starting 
material. The product was purified by column chromatography over silica gel yielding the 13-
ferrocenyl-1-tridecanethiol as a yellow solid (0.96 g, 2.4 mmol, 48% overall yield). 13-
ferrocenyl-bromotridecanone:  
1
H-NMR (300 MHz, CDCl3): δ 1.28-1.42 (m, 16H, -
(CH2)8CH2CH2Br), 1.70 (p, J = 7.2 Hz, 2H, -CH2CH2COFc), 1.82 (p, J = 7.6 Hz, 2H, -
CH2CH2Br), 2.69 (t, J = 7.4 Hz, 2H, -CH2COFc), 3.40 (t, J = 6.9 Hz, 2H, -CH2Br), 4.19 (s, 
5H, HFc-), 4.48 (t, J = 1.8 Hz, 2H, HFcCO-), 4.78 (t, J = 1.8 Hz, 2H, HFcCO-) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.1, 28.7, 29.3, 29.4, 29.5, 32.8, 34.0, 39.7, 69.3, 
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69.6, 72.0, 79.2, 204.6 ppm. ESI-MS m/z 463.04 (calcd average mass for C23H33OBrFe: 
461.29). 13-ferrocenyl-bromotridecane: 
1
H-NMR (300 MHz, CDCl3): δ 1.27-1.55 (m, 20H, -
(CH2)10CH2CH2Br), 1.83 (p, J = 7.4 Hz, 2H, -CH2CH2Br), 2.31 (t, J = 7.6 Hz, 2H, -CH2Fc) 
3.41 (t, J = 6.9 Hz, 2H, -CH2Br), 4.03 (broad s, 2H, HFc-), 4.04 (broad s, 2H, HFc-), 4.09 (s, 
5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 28.1, 28.7, 29.4, 29.5, 31.0, 32.8, 
34.0, 66.9, 68.0, 68.4, 89.5 ppm. ESI-MS m/z 446.24 (calcd average mass for C23H35BrFe: 
447.30). 13-ferrocenyl-1-tridecanethiol: 
1
H-NMR (300 MHz, CDCl3): δ 1.26-1.63 (m, 22H, -
(CH2)11CH2CH2Br), 2.31 (t, J = 7.6 Hz, 2H, -CH2Fc), 2.52 (q, J = 7.2 Hz, 2H, -CH2SH), 4.04 
(broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 
MHz, CDCl3): δ = 24.6, 28.3, 29.0, 29.4, 29.5, 30.9, 34.0, 67.0, 68.1, 68.5, 89.5 ppm. ESI-MS 
m/z 400.21 (calcd average mass for C23H36SFe: 400.47) m.p. 47.04 
o
C. 
14-Ferrocenyl-1-tetradecanethiol (HS(CH2)14Fc). The 14-bromotetradecanoic acid 
starting from 1, 12-dibromoundecane (4.99 g, 15.2 mmol) following the same procedure as 
described for 13-Ferrocenyl-1-tridecanethiol described above yielding 14-bromotetradecanoic 
acid (1.84 g, 6.0 mmol, 39% overall yield). 
1
H-NMR (300 MHz, CDCl3): δ 1.22-1.42 (m, 
18H, -(CH2)9CH2CH2Br), 1.64 (p, J = 7.4 Hz, 2H, -CH2CH2COOH), 1.84 (p, J = 7.4 Hz, 2H, -
CH2CH2Br), 2.35 (p, J = 7.4 Hz, 2H, -CH2COOH), 3.40 (t, J = 6.8 Hz, 2H, -CH2Br) ppm. 14-
Ferrocenyl-1-tetradecanethiol was prepared using the same procedure as described to prepare 
HS(CH2)4Fc, but using 14-bromotetradecanoic acid (1.84 g, 6.0 mmol) as the starting material 
yielding the 14-ferrocenyl-1-tetradecanethiol as a yellow solid (1.20 g, 2.9 mmol, 48% overall 
yield). 14-ferrocenyl-bromotetradecanone: 
1
H-NMR (300 MHz, CDCl3): δ 1.27-1.41 (m, 18H, 
-(CH2)9CH2CH2Br), 1.70 (p, J = 7.1 Hz, 2H, -CH2CH2COFc), 1.84 (p, J = 7.1 Hz, 2H, -
CH2CH2Br), 2.68 (t, J = 7.4 Hz, 2H, -CH2COFc), 3.40 (t, J = 6.9 Hz, 2H, -CH2Br), 4.19 (s, 
5H, HFc-), 4.48 (t, J = 2.0 Hz, 2H, HFcCO-), 4.77 (t, J = 1.8 Hz, 2H, HFcCO-) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ =24.6, 28.1, 28.7, 29.3, 29.4, 29.5, 32.8, 34.0, 40.0, 69.3, 
69.4, 72.0, 79.1, 204.6 ppm. ESI-MS m/z 475.11 (calcd average mass for C24H35OBrFe: 
475.32). 14-ferrocenyl-bromotetradecane: 
1
H-NMR (300 MHz, CDCl3): δ 1.27-1.55 (m, 22H, 
-(CH2)11CH2CH2Br), 1.86 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.31 (t, J = 7.6 Hz, 2H, -CH2Fc), 
3.41 (t, J = 6.9 Hz, 2H, -CH2Br), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 
5H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 28.2, 28.8, 29.4, 29.5, 29.6, 31.1, 
32.8, 34.1, 67.0, 68.0, 68.4, 89.6 ppm. ESI-MS m/z 460.24 (calcd average mass for 
C24H37BrFe: 461.33). 14-ferrocenyl-1-tetradecanethiol: 
1
H-NMR (300 MHz, CDCl3): δ 1.27-
1.64 (m, 24H, -(CH2)12CH2CH2Br), 2.31 (t, J = 7.4 Hz, 2H, -CH2Fc), 2.52 (q, J = 7.2 Hz, 2H, -
CH2SH), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 5H, HFc-) ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.2, 29.0, 29.4, 29.5, 31.0, 34.0, 66.9, 68.0, 68.4, 
89.6 ppm. ESI-MS m/z 414.23 (calcd average mass for C24H38SFe: 414.50) m.p. 53.43 
o
C. 
15-Ferrocenyl-1-pentadecanethiol (HS(CH2)15Fc). This compound was prepared 
using the same procedure as described to prepare HS(CH2)4Fc, but starting from 15-
bromopentadecanoic acid (4.31 g, 13.4 mmol) yielding the 15-ferrocenyl-1-pentadecanethiol 
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as a yellow solid (2.57 g, 6.0 mmol, 45% overall yield). 15-ferrocenyl-bromopentadecanone:  
1
H-NMR (300 MHz, CDCl3): δ 1.27-1.61 (m, 20H, -(CH2)10CH2CH2Br), 1.67 (p, J = 7.2 Hz, 
2H, -CH2CH2COFc), 1.85 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.69 (t, J = 7.4 Hz, 2H, -
CH2COFc), 3.40 (t, J = 6.9 Hz, 2H, -CH2Br), 4.19 (s, 5H, HFc-), 4.48 (t, J = 1.8 Hz, 2H, 
HFcCO-), 4.77 (t, J = 1.8 Hz, 2H, HFcCO-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 
24.6, 28.2, 28.7, 29.2, 29.4, 29.5, 29.6, 32.8, 34.0, 39.8, 69.3, 69.7, 72.0, 79.2, 204.7 ppm. 
ESI-MS m/z 488.99 (calcd average mass for C25H37OBrFe: 489.35). 15-ferrocenyl-
bromopentadecane: 
1
H-NMR (300 MHz, CDCl3): δ 1.26-1.55 (m, 24H, -(CH2)12CH2CH2Br), 
1.85 (p, J = 7.1 Hz, 2H, -CH2CH2Br), 2.30 (t, J = 7.4 Hz, 2H, -CH2Fc) 3.41 (t, J = 6.9 Hz, 2H, 
-CH2Br), 4.04 (broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 5H, HFc-)  ppm. 
13
C-
NMR (300/4=75 MHz, CDCl3): δ = 28.2, 28.8, 29.4, 29.5, 29.6, 29.7, 31.1, 32.8, 34.0, 67.0, 





H-NMR (300 MHz, CDCl3): δ 1.27-1.64 (m, 26H, -
(CH2)13CH2CH2Br), 2.31 (t, J = 7.4 Hz, 2H, -CH2Fc), 2.52 (q, J = 7.4 Hz, 2H, -CH2SH), 4.04 
(broad s, 2H, HFc-), 4.05 (broad s, 2H, HFc-), 4.09 (s, 5H, HFc-) ppm. 
13
C-NMR (300/4=75 
MHz, CDCl3): δ = 24.6, 28.3, 29.0, 29.5, 29.6, 31.0, 34.0, 66.9, 68.0, 68.3, 89.5 ppm. ESI-MS 
m/z 428.25 (calcd average mass for C25H40SFe: 428.53) m.p. 50.44 
o
C. 
11-Ferrocenyl-1-undecanedisulfide (S(CH2)11Fc)2 This compound was prepared 
using the same procedure as described to prepare HS(CH2)11Fc. In the last step of conversion 
of Br group to SH group we followed the same procedure used to prepare 2-Ferrocenyl-1-
ethanethiol described above. The crude of final compounds was purified by column 
chromatography over silica gel with hexane as eluent. The first fraction is the thiol. The 
disulfide was isolated as a yellow solid in the second fraction (0.89 g, 1.2 mmol, 15%). 
1
H-
NMR (300 MHz, CDCl3): δ 1.31-1.41 (m, 36H, -CH2(CH2)7CH2-), 2.36 (t, J = 7.5 Hz, 4H, -
CH2Fc), 2.73 (t, J = 7.4 Hz, 4H, -CH2SH), 4.08 (t, J = 1.5 Hz, 4H, HFc-), 4.11 (t, J = 1.5 Hz, 
2H, HFc-), 4.14 (s, 10H, HFc-) ppm. 
13
C-NMR (300/4=75 MHz, CDCl3): δ = 24.6, 28.4, 29.0, 
29.4, 29.5, 34.0, 39.7, 69.7, 72.1, 79.2 ppm. ESI-MS m/z 742.08 (calcd average mass for 
C42H62SFe: 742.36)  
 
2. Synthesis of ferrocenyl n-alkanethiols: HS(CH2)nFc(CH2)13-n 
General procedures. We followed previously described procedures to synthesize the 
HSCnFcC13-n derivatives with n = 0 – 13 as is outlined in Figure 4.1. In general, ferrocene was 
functionalized via a Friedel-Crafts acylation with Br(CH2)n-1COCl  followed by a second 
Friedel-Crafts acylation with CH3(CH2)11-nCOCl. The acyl chlorides were prepared from their 
corresponding carboxylic acids, i.e., Br(CH2)n-1COOH and CH3(CH2)11-nCOOH. The carbonyl 
group was reduced by Clemmensen reduction, followed by conversion of the bromide to thiol 
functionality. Exceptions are HSFc(CH2)12CH3 and HSCH2Fc(CH2)11CH3, which had to be 







spectroscopy, as well as mass spectrometry using electrospray ionization (ESI) or atmospheric 
pressure chemical ionization (APCI) methods. The n-bromoalkanoic acids Br(CH2)n-1COOH 
were obtained from Sigma-Aldrich (n = 8, 10 – 12) and Alfa Aesar (n = 3 – 6, 9) except for 
Br(CH2)n-1COOH with n = 7, and n = 13, which we prepared from Br(CH2)6COOEt and 
Br(CH2)11Br, respectively, both purchased from Sigma-Aldrich, following procedures 
described in the literature.
1
 The n-alkanoic acid CH3(CH2)11-nCOOH were obtained from 
Sigma-Aldrich (n = 3, 11), and Alfa Aesar (n = 4 – 10, 12). Ferrocene, anhydrous aluminum 
chloride, mercury (II) choride, thiourea were purchased from Sigma-Aldrich. Oxalyl chloride, 
zinc granules (-20 Mesh) were purchased from Alfa Aesar. These chemicals were used 
without further purification. We used freshly distilled solvents for chemical synthesis. 
Dichloromethane was distilled from calcium chloride, THF and hexane were distilled from 
sodium/benzophenone. Air and the moisture sensitive reactions were performed under argon 
or nitrogen atmospheres. The products were purified by column chromatography over silica 
gel (pore size 60 Å, 230-400 mesh particle size, 40-63 μm particle size, Sigma-Aldrich). 1H 
and 
13
C NMR spectra were recorded on a Bruker Avance 300 MHz (AV300), and Bruker 
Avance 500 MHz (AV500) spectrometers using chloroform-d as a solvent. ESI mass spectra 
of intermediate compounds were recorded on a Finnigan LCQ mass spectrometer. APCI mass 
spectra and APCI high resolution mass spectra were recorded on a Bruker micrOTOF-QII 
mass spectrometer. 
 
Procedure 1: Acyl chloride from carboxylic acid 
The acyl chloride was prepared from the corresponding acid (1.0 equiv) by reaction 
with oxalyl chloride (2.5 equiv) and DMF (0.1 equiv) in CH2Cl2 (1 mL per each mmol of the 
corresponding acid) at room temperature under N2 atmosphere. After stirring for 30 mins, the 
mixture was concentrated under reduced pressure. We redissolved the crude product in 
CH2Cl2 (0.5 mL per each mmol of the corresponding acid) and concentrated the mixture in 
reduced pressure for three times to remove the unreacted oxalyl chloride and DMF. The 
freshly prepared acyl chlorides were used in the next step without further purification. 
 
Procedure 2: Acylation of ferrocene 
To a cold (0 °C) stirred solution of anhydrous AlCl3 (1.0 equiv) in CH2Cl2 (1 mL per 
each mmol of AlCl3) under N2 atmosphere was added acyl chloride (1.0 equiv) and stirred for 
20 min. This solution was added to a solution of ferrocene (2.0 equiv) in CH2Cl2 (5 mL per 
each mmol of ferrocene) dropwise during which the Fc solution turned from orange to purple 
in color. After 2 h of stirring at room temperature, we added an equal volume of water slowly 
at 0 °C. The resulting layers were separated and the aqueous layer was extracted with CH2Cl2 
(2 mL per each mmol of acyl chloride, two times). The combined organic extracts were 
washed with 1.0 M HCl (1 mL per each mmol of acyl chloride), brine (1 mL per each mmol of 
acyl chloride), and dried over anhydrous Na2SO4. The resulting solution was filtered, 
concentrated under reduced pressure and flash column chromatographed over silica gel with 
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hexane and ethyl acetate (9:1) as an eluent to collect mono-acylated ferrocene as an orange 
band in the second fraction. The first fraction was unreacted Fc and the third fraction was the 
disubstituted product. 
 
Procedure 3: Acylation of mono-acylated ferrocene 
A solution of anhydrous AlCl3 (2.0 equiv) in CH2Cl2 (1 mL per each mmol of AlCl3) 
under N2 atmosphere was cooled to 0
o
C, then the corresponding acyl chloride (1.0 equiv) was 
added into the solution and the reaction mixture was stirred for an additional 20 min.  
Subsequently, we added this solution dropwise while stirring to a solution of mono-acylated 
ferrocene (1.0 eq) in CH2Cl2 (2 mL per each mmol of mono-acylated ferrocene). After 
refluxing for 5h, the reaction mixture was quenched by the addition of equal volume of water 
at 0°C.  We separated the organic layer from the aqueous layer and washed the aqueous layer 
with CH2Cl2 (1 mL per each mmol of acyl chloride, two times). We combined the organic 
fractions and washed them with 1.0 M HCl (1 mL per each mmol of acyl chloride), brine (1 
mL per each mmol of acyl chloride) followed by drying over anhydrous Na2SO4. The solution 
was filtered, concentrated under reduced pressure, and further purified by flash column 
chromatography over silica gel using hexane and ethyl acetate (4:1) as an eluent. The second 
fraction contained the product. The first fraction was unreacted mono-acylated ferrocene. 
 
Procedure 4: Clemmensen reduction 
Granulated Zn (30 equiv), HgCl2 (0.5 equiv) were taken into a round bottle flask and 
added a mixture of water and 12.0 M HCl (2:1 v/v, 2.6 mL of this mixture per each mmol of 
diketone). To this mixture, we added a solution of bis-acyl ferrocene in toluene (1 mmol of 
diketone in 6 mL of toluene) after which this two-phase reaction mixture was refluxed 
overnight while vigorously stirring. The reaction mixture was allowed to cool down to room 
temperature and the organic layer was separated from the aqueous layer. The aqueous layer 
was extracted with diethylether (5 mL per each mmol of bis-acyl ferrocene, 2 times). The 
combined organic extracts were washed with brine and dried over anhydrous Na2SO4. The 
resulting solution was filtered, concentrated under reduced pressure, and flash column 
chromatographed over silica gel with hexane as an eluent to collect bis-alkyl ferrocene as 
yellow band from the first fraction (the second fraction was the remaining starting material). 
 
Procedure 5: Conversion of bromine group to thiol 
Alkyl bromide (1.0 eq) and thiourea (2.0 eq) were dissolved in absolute ethanol (2 
mL per each mmol of alkyl bromide) and refluxed overnight under argon after which an 
aqueous solution of 2.0 M potassium hydroxide (2.0 equiv) was added and further refluxed for 
an additional 2 h under argon. After the reaction mixture was cooled down to room 
temperature, we extracted this mixture with diethylether (1 mL per each mmol of alkyl 
bromide, three times) and the combined extracts were dried over anhydrous Na2SO4. The 
organic layer was concentrated and purified by column chromatography over silica gel with 
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hexane as an eluent to obtain thiol as a yellow band in the first fraction. The second yellow 
band contained the corresponding disulfide. 
 
Synthesis of HSFc(CH2)12CH3:  
The preparation of HSFc(CH2)12CH3 was done by Max Roemer (Dept. of Chemistry, 
National University of Singapore). We followed a procedure reported in the literature to 
prepare HSFc(CH2)11CH3 (Figure 4.1D). The 1-bromo-1’-tridecaneferrocene (250 mg, 0.6 
mmol) was dissolved in 20 mL THF in a Schlenk flask. The solution was cooled to -78 °C and 
0.75 mL (0.84 mmol) n-butyllithium (1.6 M in hexanes) was added dropwise with a syringe 
over 10 minutes. Stirring was continued for additional 45 minutes, then the mixture was 
allowed to warm up to room temperature. In the next step, the mixture was cooled to - 20 °C 
and 25 mg (0.67 mmol) of sulphur was added. The mixture was allowed to warm up to room 
temperature and stirring was continued for another hour. Degassed hydrochloric acid (20 mL; 
5% in water) was added, followed by an aqueous work-up with pentane. Column 
chromatographic purifcation over silica, eluting in the beginning with pentane and in the end 
with pentane/dichloromethane (4:1), afforded 100 mg of the pure disulfide (CH3(CH2)12FcS)2 
as yellow solid after solvent evaporation from the second fraction. In the next step, 50 mg of 
the disulfide were dissolved in 10 mL dimethoxyethane. A suspension of 24 mg of lithium 
aluminum hydride in 10 mL dimethoxyethane was prepared and the disulphide solution was 
added slowly. The mixture was refluxed for 2 h, cooled down to room temperature, and 
hydrochloric acid (20 mL: 5% in water, degassed) was added, followed by an extraction with 
water. The organic layer was separated and dried over sodium sulfate. Solvent evaporation 
and drying in high vacuum afforded 36 mg (0.2 mmol, 72%) of an orange crystalline solid, 
which was analytically pure. 
1
H NMR (300 MHz, CDCl3): δ 4.20 (m, 2 H, Cp-H), 4.08 (m, 2 
H, Cp-H), 4.05 (m, 2 H, Cp-H), 4.02 (m, 2 H, Cp-H), 2.31 (t, 
3
J = 7.6 Hz, 2 H, 
FcCH2(CH2)11CH3), 1.45 (m, 2 H), 1.25 (m, 20 H), 0.87 (t, 
3
J = 6.6 Hz, 3 H, 
FcCH2(CH2)11CH3) ppm. 
13
C NMR (75 MHz, CDCl3): δ 90.69 (ipso-C), 86.12 (ipso-C), 74.48 
(Cp), 69.81 (Cp), 69.35 (Cp), 68.88 (Cp), 31,92, 31.16, 29.67, 29.62, 29.59, 29.52, 29.35, 





Synthesis of HSCH2Fc(CH2)11CH3:  
CH3(CH2)10COFcCOOH: We followed a procedure outlined in Figure 4.1E. A 
Schlenk flask was charged with 700 mg (3.0 mmol) of ferrocenecarboxylic acid and 150 ml 
dichloromethane. Under stirring, 1.6 g (12 mmol) of aluminum trichloride and 1 ml (7 mmol) 
of undecanoyl chloride were added. Stirring was continued for 12 hours at room temperature. 
The purple mixture was quenched with 100 ml water and 50 ml hydrochloric acid (0.1 M) 
were added. After extraction, phases were separated and the aqeous phase was washed twice 
with 50 ml dichloromethane. The combined organic extracts were dried over sodium sulfate. 
The dichloromethane was evaporated and the product mixture was subject to flash 
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chromatography over silica, using a mixture of hexane and ethylacetate as solvent (3:1). 940 
mg (2.3 mmol, yield 76 %) of the product were obtained from the second fraction after solvent 
evaporation in form of an orange crystalline solid. 
1
H NMR (300 MHz, CDCl3): δ 4.84 (m, 4 
H, Cp-H), 4.54 (m, 2 H, Cp-H), 4.45 (m, 2 H, Cp-H), 2.69 (t, 
3
J = 7.2 Hz, 2 H, 
FcCOCH2(CH2)9CH3), 1.67 (m, 2 H), 1.23 (m, 16 H), 0.86 (t, 
3
J = 6.6 Hz, 3 H, 
FcCOCH2(CH2)9CH3) ppm. 
13
C NMR (75 MHz, CDCl3): δ 204.04 (CO), 176.34 (COOH), 
80.50 (ipso-C), 73.73 (Cp), 73.31 (Cp), 71.94 (Cp), 71.71 (ipso-C), 70.97 (Cp), 39.92, 31.83, 
29.57, 29.49, 29.41, 29.27, 24.29, 22.61, 14.06 ppm. APCI-MS m/z calcd for C23H32FeO3: 
412; found: 413 (M
+
+H). 
CH3(CH2)11FcCOOH: A Schlenk flask was charged with 370 mg (0.9 mmol) of 
CH3(CH2)9COCFcCOOH, 888 mg (13.6 mmol) of zinc granules and 48 mg (0.22 mmol) of 
mercury(II) chloride, 35 mL water, 30 mL hydrochlorid acid (5% in water), and 40 mL 
toluene. The mixture was refluxed under rapid stirring and the reaction was monitored by 
TLC. After 2 h the reaction was completed. Aqueous work-up and column chromatographic 
purification over silica, using hexane as eluent yielded 310 mg (0.8 mmol, 87%) of the title 
compound in form of an orange-red solid. 
1
H NMR (300 MHz, CDCl3): δ 4.80 (m, 2 H, Cp-
H), 4.42 (m, 2 H, Cp-H), 4.14 (m, 4 H, Cp-H), 2.30 (t, 
3
J = 7.5 Hz, 2 H, FcCH2(CH2)10CH3), 
1.48 (m, 2 H), 1.26 (m, 18 H), 0.90 (t, 
3
J = 6.6 Hz, 3 H, FcCH2(CH2)10CH3) ppm. 
13
C NMR 
(75 MHz, CDCl3): δ 178.57 (CO), 91.20 (ipso-C), 72.45 (Cp), 71.10 (Cp), 70.19 (ipso-C), 
69.96 (Cp), 69.21 (Cp), 31.90, 31.03, 29.67, 29.64, 29.62, 29.60, 29.50, 29.33, 28.28, 22.66, 
14.10 ppm. APCI-MS m/z calcd for C23H34FeO2: 398; found: 399 (M
+
+H). 
CH3(CH2)11FcCH2OH: To a suspension of lithium aluminum hydride (284 mg, 7.6 
mmol) in diethylether was added slowly a solution of CH3(CH2)11FcCOOH (297 mg, 0.8 
mmol) 20 mL diethylether while stirring vigorously. The reaction was completed after 30 min 
at room temperature. Sodium hydroxide solution was added and the aqueous phase was 
extracted three times with 20 mL diethylether. The ethereal solution was dried over sodium 
sulfate, the solvent was evaporated and the crude product was subject to column 
chromatography over silica, using hexane/dichloromethane (3:1) as eluent. Solvent 
evaporation afforded 267 mg (0.7 mmol, 93%) of the pure product as yellow solid. 
1
H NMR 
(300 MHz, CDCl3): δ 4.30 (d, 
3
J = 3 Hz, 2 H, CH2OH), 4.12 (m, 2 H, Cp-H), 4.08 (m, 2 H, 
Cp-H), 4.03 (m, 4 H, Cp-H), 2.28 (t, 
3
J = 7.7 Hz, 2 H, FcCH2(CH2)10CH3), 1.73 (m), 1.43 (m, 
2 H), 1.25 (m, 18 H), 0.87 (t, 
3
J = 6.5 Hz, 3 H, FcCH2(CH2)10CH3) ppm. 
13
C NMR (75 MHz, 
CDCl3): δ 89.92 (ipso-C), 88.00 (ipso-C), 68.94 (Cp), 68.38 (Cp), 68.35 (Cp), 67.22 (Cp), 
60.56, 53.36, 31.85, 31.22, 29.59, 29.57, 29.52, 29.45, 29.40, 29.28 ppm. APCI-MS m/z calcd 
for C23H36FeO: 384; found: 383 (M
+
-H). 
CH3(CH2)11FcCH2SOCH3: The CH3(CH2)11FcCH2OH (212 mg, 0.6 mmol) was 
dissolved in 5 mL acetone to which thioacetic acid (0.15 mL, 2.1 mmol) was added. The 
reaction mixture was stirred overnight. Aqueous work-up and column chromatographic 
purification over silica, eluting with pentane in the beginning and pentane/diethylether (95:5) 
in the end, afforded 176 mg (0.4 mmol, 72%) of the product after solvent evaporation in the 
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form of a yellow crystalline material. 
1
H NMR (300 MHz, CDCl3): δ 4.09 (m, 2 H, Cp-H), 
4.04 (m, 6 H, Cp-H), 3.92 (s, 2 H, FcCH2SCOCH3), 2.30 (s, 3 H, FcCH2SCOCH3), 2.27 brd 
(FcCH2(CH2)10CH3)) 1.49 (m, 2 H), 1.29 (m, 18 H), 0.90 (t, 
3
J = 6.6 Hz, 3 H, 
FcCH2(CH2)10CH3) ppm. 
13
C NMR (75 MHz, CDCl3): δ 195.22 (CO), 89.88 (ipso-C), 83.77 
(ipso-C), 68.98 (Cp), 68.80 (Cp), 68.66 (Cp), 67.85 (Cp), 31.82, 31.21, 30.21, 29.57, 29.55, 




CH3(CH2)11FcCH2SH: We dissolved 176 mg (0.4 mmol) of 
CH3(CH2)11FcCH2SOCH3 in a mixture of 6 mL ethanol and 4 mL sodium hydroxide solution 
(5%, degassed). The mixture was refluxed for 2 h. The pH was adjusted to acidic by addition 
of phosphoric acid (5% in water). This was followed by an extraction with diethylether and 
drying of the ethereal layer over sodium sulfate. After solvent evaporation, the crude product 
was subjected to column chromatography over silica, using pentane as eluent. The product 
was obtained in 67% yield (106 mg, 3 mmol) from the first fraction after solvent evaporation 
in form of an orange-yellow crystalline material. 
1
H NMR (300 MHz, CDCl3): δ 4.08 (m, 2 H, 
Cp-H), 4.03 (m, 2 H, Cp-H), 4.00 (m, 4 H, Cp-H), 3.50 (d, 
3
J = 6 Hz, 2 H, FcCH2SH), 2.27 (t, 
3
J = 7.8 Hz, 2 H, FcCH2(CH2)10CH3), 1.71 (t, 
3
J = 6.0 Hz, 1 H, FcCH2SH), 1.45 (m, 2 H), 1.24 
(m, 18 H), 0.86 (t, 
3
J = 6.7 Hz, 3 H, FcCH2(CH2)10CH3) ppm. 
13
C NMR (75 MHz, CDCl3): δ 
89.92 (ipso-C), 88.12 (ipso-C), 68.79 (Cp), 68.59 (Cp), 68.40 (Cp), 67.81 (Cp), 31.90, 31.29, 





Synthesis of HS(CH2)2Fc(CH2)10CH3 
FcCO(CH2)9CH3: Synthesised by following procedure 2, using CH3(CH2)9COCl 
(3.3 g, 16.2 mmol), and ferrocene (6.0 g, 32.4 mmol) as the starting material yielding 
FcCO(CH2)9CH3 (3.9 g, 11.1 mmol, 69% yield). 
1
H NMR (CDCl3, 300 MHz): δ 4.78 (t, 
3
J = 
2.0 Hz, 2H, Cp-H), 4.48 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 4.19 (s, 5H, Cp-H), 2.69 (t, 
3
J = 7.6 Hz, 
2H, FcCOCH2-), 1.75-1.65 (m, 2H, FcCOCH2CH2-), 1.34-0.90 (m, 14H, -CH2(CH2)7CH3), 
0.88 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 75 MHz): δ 204.68 (CO), 79.23 
(ipso-C), 72.05 (Cp), 69.71 (Cp), 69.32 (Cp), 39.78, 31.88, 29.59, 29.57, 29.53, 29.32, 24.65, 
22.67, 14.10 ppm.  
BrCH2COFcCO(CH2)9CH3: The monoacyl ferrocene was acylated by bromoacetyl 
chloride BrCH2COCl following procedure 3. The bromoacetyl chloride BrCH2COCl (1.37 
mL, 16 mmol) was dissolved in 25 mL of dichloromethane and treated with AlCl3 (2.8 g, 16 
mmol). In a separate flask, monoacyl ferrocene (2.7 g, 8 mmol) was dissolved in 25 mL of 
dichloromethane. The solution containing the monoacyl ferrocene was then added slowly to 
the acid chloride solution over a 3 h period using a syringe pump (0.14 mL/min). The reaction 
mixture was stirred under nitrogen for 48 h. The reaction was then quenched by slowly adding 
25 mL water. After 10 min of stirring, the reaction mixture was filtered, and the aqueous layer 
was extracted with dichloromethane (20 mL, two times) and dried over anhydrous Na2SO4. 
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This solution was filtered, concentrated and flash column chromatographed over silica gel 
with hexane and ethyl acetate (4:1) as eluting solvent. The second orange-red band yielded the 
desired diacyl ferrocene (the first fraction was the remaining starting material monoacyl 
ferrocene). BrCH2COFcCO(CH2)9CH3 (2.7 g, 5.6 mmol, 70% yield). 
1
H NMR (CDCl3, 300 
MHz): δ 4.84-4.81 (m, 4H, Cp-H), 4.58 (t, 3J = 2.0 Hz, 2H, Cp-H), 4.53 (t, 3J = 2.0 Hz, 2H, 
Cp-H), 4.13 (s, 2H, -CH2Br), 2.63 (t, 
3
J = 7.4 Hz, 2H, FcCOCH2-), 1.73-1.64 (m, 2H, 
FcCOCH2CH2-), 1.34-1.27 (m, 14H, -CH2(CH2)7CH3), 0.88 (t, 
3
J = 6.3 Hz, 3H, -CH2CH3) 
ppm. 
13
C NMR (CDCl3, 125 MHz): δ 203.99 (CO), 194.95 (CO), 80.65 (ipso-C), 79.61 (ipso-
C) 74.12 (Cp), 73.71 (Cp), 71.26 (Cp), 71.02 (Cp), 40.12, 31.87, 31.50, 29.57, 29.50, 29.49, 




Br(CH2)2Fc(CH2)10CH3: We followed a procedure reported in the literature to 
prepare Br(CH2)2Fc(CH10)CH3. A mixture of AlCl3 (0.953 g, 7.15 mmol) in 15 mL of diethyl 
ether was slowly added to a stirring solution of lithium aluminum hydride (LiAlH4) (0.271 g, 
7.15 mmol) in 15 mL of diethyl ether at 0°C. In a separate flask, a suspension of AlCl3 (0.953 
g, 7.15 mmol) in 15 mL diethyl ether was added to a solution of BrCH2COFcCO(CH2)9CH3 (2 
g, 6.5 mmol) product in 15 mL diethyl ether. Subsequently, we added into LiAlH4 containing 
flask while stirring slowly. A color change from dark purple to yellow was immediately 
observed. After 30 min of stirring at room temperature, the reaction mixture was quenched by 
adding 20 mL of cold water dropwise. After 10 min of stirring, we filtered the reaction 
mixture and the organic layer was extracted with ether (10 mL, 3 times). The combined 
organic layers were washed with water (10 ml, 2 times) and dried over anhydrous Na2SO4. 
The solution was then filtered, concentrated and flash column chromatographed over silica gel 
using hexane and ethyl acetate (4:1) as an eluent. The first yellow band yielded the reduced 
dialkyl ferrocene Br(CH2)2Fc(CH2)10CH3 (2.5 g, 5.5 mmol, 85% yield). 
1
H NMR (CDCl3, 300 
MHz): δ 4.03-3.99 (m, 8H, Cp-H), 3.42 (t, 3J = 7.6 Hz, 2H, -CH2Br), 2.89 (t, 
3
J = 7.6 Hz, 2H, 
-CH2CH2Br), 2.29 (t, 
3
J = 7.4 Hz, 2H, FcCH2-), 1.50-1.44 (m, 2H, FcCH2CH2-), 1.27 (m, 16H, 
-CH2(CH2)8CH3), 0.89 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 75 MHz): δ 
89.77 (ipso-C), 85.29 (ipso-C), 68.79 (Cp), 68.75 (Cp), 68.35 (Cp), 67.77 (Cp), 33.56, 32.56, 
31.91, 31.30, 29.66, 29.63, 29.52, 29.38, 29.34, 22.68, 14.11 ppm. ESI-MS m/z calcd for 
C23H35BrFc: 446; found: 446 (M
+
).  
HS(CH2)2Fc(CH2)10CH3: Synthesised by following procedure 4, using 
Br(CH2)2Fc(CH2)10CH3 (2.5 g, 5.5 mmol) as the starting material to give 
HS(CH2)2Fc(CH2)10CH3 (2.0 g, 5.1 mmol, 92% yield). 
1
H NMR (CDCl3, 300 MHz): δ 4.01-
3.98 (m, 8H, Cp-H), 2.65-2.63 (m, 4H, FcCH2CH2SH), 2.29 (t, 
3
J = 7.6 Hz, 2H, FcCH2-), 
1.47-1.42 (m, 2H, FcCH2CH2-), 1.27 (s, 16H, -CH2(CH2)8CH3), 0.89 (t, 
3
J = 6.9 Hz, 3H, -
CH2CH3) ppm. 
13
C NMR (CDCl3, 75 MHz): δ 89.66 (ipso-C), 86.37 (ipso-C), 68.83 (Cp), 
68.71 (Cp), 68.15 (Cp), 67.72 (Cp), 34.47, 31.90, 31.30, 29.66, 29.62, 29.53, 29.39, 29.33, 








Synthesis of HS(CH2)3Fc(CH2)9CH3 
FcCO(CH2)8CH3: Synthesised by following procedure 2, using CH3(CH2)8COCl 
(3.9 g, 20.5 mmol), and ferrocene (7.5 g, 40.4 mmol) as the starting material yielding 
FcCO(CH2)8CH3 (4.7 g, 13.8 mmol, 68% yield). 
1
H NMR (CDCl3, 500 MHz): δ 4.78 (t, 
3
J = 
1.9 Hz, 2H, Cp-H), 4.48 (t, 
3
J = 1.9 Hz, 2H, Cp-H), 4.19 (s, 4H, Cp-H), 2.70-2.67 (t, 
3
J = 7.6 
Hz, 2H, FcCOCH2-), 1.73-1.67 (m, 2H, FcCOCH2CH2-), 1.39-1.28 (m, 12H, -
CH2(CH2)6CH3), 0.90-0.87 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 
δ 204.68 (CO), 79.24 (ipso-C), 72.05 (Cp), 69.71 (Cp), 69.33 (Cp), 39.78, 31.88, 29.57, 29.52, 
29.49, 29.30, 24.65, 22.66, 14.09. ESI-MS m/z calcd for C20H28OFc: 340; found: 340 (M
+
).  
Br(CH2)2COFcCO(CH2)8CH3: We followed procedure 3 to prepare 
Br(CH2)2COFcCO(CH2)8CH3. The monoacyl ferrocene FcCO(CH2)8CH3 was acylated by 3-
bromopropionyl chloride, Br(CH2)2COCl. The compound Br(CH2)2COCl (2.1 mL, 21.5 
mmol) was dissolved in 25 mL of dichloromethane and treated with AlCl3 (2.86 g, 121.45 
mmol). In a separate flask, monoacyl ferrocene (3.5 g, 10.73 mmol) was dissolved in 25 mL 
of dichloromethane. To this solution we added slowly to the acid chloride solution dropwise 
over a 3 h period via a syringe pump (0.14 mL/min). The reaction mixture was stirred under 
nitrogen for 48 h. The reaction was then quenched by slowly adding 35 mL water. After 10 
min of stirring, the reaction mixture was filtered, and the organic layer was separated from the 
aqueous layer which was extracted with dichloromethane (10 mL, 2 times). The combined 
organic layers were dried over anhydrous Na2SO4, filtered, and concentrated. We further 
purified the crude product by flash column chromatography over silica gel with hexane and 
ethyl acetate as eluting solvent (4:1). The second orange-red band yielded 4.0 g (80%) of an 
inseparable mixture of Br(CH2)2COFcCO(CH2)8CH3 (2.7 g, 5.6 mmol, 65% of total amount of 
the mixture) and Cl(CH2)2COFcCO(CH2)8CH3 (1.3 g, 3.0 mmol, 35% of total amount of the 
mixture). 
1
H NMR (CDCl3, 500 MHz): Br(CH2)2COFcCO(CH2)8CH3: δ 4.78 (m, 4H, Cp-H), 
4.53 (m, 4H, Cp-H), 3.73 (t, 
3
J = 6.3 Hz, 2H, -CH2Br), 3.26 (t, 
3
J = 7.0 Hz, 2H, -CH2CH2Br), 
2.63 (t, 
3
J = 7.6 Hz, 2H, -CH2COFc), 1.68 (m, 2H, -CH2CH2COFc), 1.33-1.23 (m, 12H, -
CH2(CH2)6CH3), 0.88 (t, 
3
J = 7.0 Hz, 3H, -CH2CH3); Cl(CH2)2COFcCO(CH2)8CH3 : δ 4.83 
(m, 4H, Cp-H), 4.53 (m, 4H, Cp-H), 3.91 (t, 
3
J = 6.3 Hz, 2H, -CH2Br), 3.13 (t, 
3
J = 7.0 Hz, 
2H, -CH2CH2Br), 2.63 (t, 
3
J = 7.6 Hz, 2H, -CH2COFc), 1.68 (m, 2H, -CH2CH2COFc), 1.33-
1.23 (m, 12H, -CH2(CH2)6CH3), 0.88 (t, 
3
J = 7.0 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 
125 MHz): δ 203.69 (CO), 199.70 (CO), 80.48 (ipso-C), 79.44 (ipso-C), 73.66 (Cp), 73.37 
(Cp), 70.67 (Cp), 70.41 (Cp), 42.39, 39.99, 31.80, 29.44, 29.39, 29.22, 25.56, 24.23, 22.58, 
14.01 ppm. ESI-MS m/z calcd for C23H31O2BrFc: 474; found: 951 (2M
+
).  
Br(CH2)3Fc(CH2)9CH3: We followed the procedure 4. A mixture of AlCl3 (1 g, 7.3 
mmol) in 15mL of diethyl ether was slowly added to a stirring solution of lithium aluminum 
hydride (LiAlH4) (0.35 g, 9.13 mmol) in 15 mL of diethyl ether at 0°C. In a separate flask, a 
solution of AlCl3 (1 g, 7.3 mmol) in 15 mL diethyl ether was added to a solution of the 
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mixture diacyl ferrocene (2.3 g, 4.8 mmol of Br(CH2)2COFcCO(CH2)8CH3 with 1.1 g, 2.6 
mmol of Cl(CH2)2COFcCO(CH2)8CH3). The AlCl3-complexed diacyl ferrocene solution was 
then slowly added LiAlH4 containing flask with stirring. A color change from dark purple to 
yellow was immediately observed. After 30 min of stirring at room temperature, the reaction 
mixture was quenched by adding 40 mL of cold water dropwise. After 10 min of stirring, the 
reaction mixture was filtered and the organic layer was extracted in diethyl ether (15 mL, 3 
times), washed with water (15 mL, 2 times) and dried over anhydrous Na2SO4. The solution 
was then filtered, concentrated and flash column chromatographed over silica gel using 
hexane as an eluent. The first yellow band yielded the reduced dialkyl ferrocene (1.43 g, 90% 
yield) of an inseparable mixture of Br(CH2)3Fc(CH2)9CH3 (0.98 g, 2.2 mmol, 51% of total 
amount of the mixture) and Cl(CH2)3Fc(CH2)9CH3 (0.45 g, 1.1 mmol, 49% of total amount of 
the mixture). 
1
H NMR (CDCl3, 300 MHz): Br(CH2)3Fc(CH2)9CH3: δ 4.00-3.98 (m, 8H, Cp-
H), 3.42 (t, 
3
J = 7.6 Hz, 2H, -CH2Br), 2.50 (t, 
3
J = 7.6 Hz, 2H, -CH2CH2Br), 2.44 (t, 
3
J = 8.2 
Hz, 2H, FcCH2(CH2)2Br), 2.30 (t, 
3
J = 7.6 Hz, 2H, FcCH2-), 2.05-1.93 (m, 2H, FcCH2CH2-), 
1.50-1.69 (m, 14H, -CH2(CH2)7CH3), 0.88 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3). 
Cl(CH2)3Fc(CH2)9CH3: δ 4.00-3.98 (m, 8H, Cp-H), 3.54 (t, 
3
J = 7.6 Hz, 2H, -CH2Cl), 2.50 (t, 
3
J = 7.6 Hz, 2H, -CH2CH2Cl), 2.44 (t, 
3
J = 8.2 Hz, 2H, FcCH2(CH2)2Br), 2.30 (t, 
3
J = 7.6 Hz, 
2H, FcCH2-), 2.05-1.93 (m, 2H, FcCH2CH2-), 1.50-1.69 (m, 14H, -CH2(CH2)7CH3), 0.88 (t, 
3
J 
= 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 75 MHz): δ 89.63 (ipso-C), 87.01 (ipso-C), 
68.69 (Cp), 68.00 (Cp), 68.35 (Cp), 67.71 (Cp), 34.11, 33.58, 30.91, 31.28, 29.63, 29.54, 




HS(CH2)3Fc(CH2)9CH3: Synthesised by following procedure 5 from the mixture of 
Br(CH2)3Fc(CH2)9CH3 (0.98 g, 2.2 mmol) and Cl(CH2)3Fc(CH2)9CH3 (0.45 g, 1.1 mmol). 
Only Br(CH2)3Fc(CH2)9CH3 yielded HS(CH2)3Fc(CH2)9CH3 (0.72 g, 1.8 mmol, 82% yield) 
while Cl(CH2)3Fc(CH2)9CH3 was unreactive and recovered after reaction. 
1
H NMR (CDCl3, 
500 MHz): δ 3.99-3.96 (m, 8H, Cp-H), 2.56-2.52 (q, 3J = 6.9 Hz, 2H, -CH2SH), 2.44 (t, 
3
J = 
8.2 Hz, 2H, FcCH2(CH2)2SH), 2.30 (t, 
3
J = 7.6 Hz, 2H, FcCH2-), 1.84-1.78 (m, 2H, 
FcCH2CH2CH2SH), 1.52-1.46 (m, 2H, FcCH2CH2CH2-), 1.36-1.27 (m, 14H, -
CH2(CH2)7CH3), 0.89 (t, 
3
J = 6.3 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 
89.51 (ipso-C), 87.72 (ipso-C), 68.63 (Cp), 68.62 (Cp), 67.87 (Cp), 67.67 (Cp), 35.37, 31.89, 
31.29, 29.62, 29.52, 29.39, 29.33, 28.01, 24.26, 22.67, 14.10 ppm. ESI-HRMS m/z calcd for 




Synthesis of HS(CH2)4Fc(CH2)8CH3  
Br(CH2)3COFc: Synthesised by following procedure 2, using Br(CH2)3COCl (2.5 g, 
13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding Br(CH2)3COFc 
(3.2 g, 9.5 mmol, 70% yield). 
1
H NMR (CDCl3, 500 MHz): δ 4.78 (t, 
3
J = 1.8 Hz, 2H, Cp-H), 
4.50 (t, 
3
J = 1.9 Hz, 2H, Cp-H), 4.20 (s, 5H, Cp-H), 3.44 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.74 (t, 
3
J = 7.2 Hz, 2H, -CH2COFc), 1.95 (p, 
3





MHz, CDCl3): δ = 204.22 (CO), 79.01 (ipso-C), 72.34 (Cp), 69.83 (Cp), 69.40 (Cp), 39.41, 




Br(CH2)3COFcCO(CH2)7CH3: Synthesised by following procedure 3, using 
Br(CH2)3COFc (3.2 g, 9.5 mmol) and CH3(CH2)7COCl (0.85 g, 4.8 mmol) as the starting 
material yielding Br(CH2)3COFcCO(CH2)7CH3 (1.8 g, 3.8 mmol, 80% yield). 
1
H NMR 
(CDCl3, 500 MHz): δ 4.79 (m, 4H, Cp-H), 4.49 (m, 4H, Cp-H), 3.57 (t, 
3
J = 6.3 Hz, 2H, -
CH2Br), 2.87 (t, 
3
J = 7.0 Hz, 2H, FcCOCH2(CH2)2Br), 2.63 (t, 
3
J = 7.6 Hz, 2H, FcCOCH2-), 
2.28-2.23 (m, 2H, -CH2CH2Br), 1.70-1.64 (m, 2H, FcCOCH2CH2CH2Br), 1.34-1.25 (m, 12H, 
-CH2(CH2)6CH3), 0.89 (t, 
3
J = 7.0 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 
203.62 (CO), 202.01 (CO), 80.45 (ipso-C), 80.00 (ipso-C), 73.47 (Cp), 73.38 (Cp), 70.65 
(Cp), 70.46 (Cp), 39.96, 37.47, 33.77, 31.80, 29.43, 29.14, 26.62, 24.28, 22.60, 14.05 ppm. 
Br(CH2)4Fc(CH2)8CH3: Synthesised by following procedure 4, using 
Br(CH2)3COFcCO(CH2)7CH3  (1.8 g, 3.8 mmol) as the starting material yielding 
Br(CH2)4Fc(CH2)8CH3 (1.6 g, 3.5 mmol, 93% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.99-
3.98 (m, 8H, Cp-H), 3.42 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.38-2.30 (m, 4H, FcCH2-), 1.93-1.87 
(m, 2H, -CH2CH2Br), 1.70-1.63 (m, 2H, FcCH2CH2(CH2)2Br), 1.52-1.49 (m, 2H, FcCH2CH2-
), 1.30 (m, 12H, -CH2(CH2)6CH3), 0.91 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 
125 MHz): δ 89.50 (ipso-C), 88.31 (ipso-C), 68.65 (Cp), 68.59 (Cp), 67.83 (Cp), 67.68 (Cp), 
33.69, 32.56, 31.92, 31.32, 29.72, 29.66, 29.61, 29.56, 29.42, 29.34, 28.58, 22.69, 14.13 ppm. 
ESI-MS m/z calcd for C23H35BrFc: 446; found: 446 (M
+
).  
HS(CH2)4Fc(CH2)8CH3: Synthesised by following procedure 5, using 
Br(CH2)4Fc(CH2)8CH3  (1.6 g, 3.5 mmol) as the starting material yielding 
HS(CH2)4Fc(CH2)8CH3 (1.2 g, 2.9 mmol, 83% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.98-
3.96 (m, 8H, Cp-H), 2.56-2.51 (q, 2H, 
3
J = 7.0 Hz, -CH2SH), 2.35-2.28 (m, 4H, FcCH2-), 
1.67-1.56 (m, 2H, -CH2CH2SH; 2H, FcCH2CH2(CH2)2SH), 1.51-1.45 (m, 2H, FcCH2CH2-), 
1.34-1.27 (m, 12H, -CH2(CH2)6CH3), 0.89 (t, 
3
J = 7.0 Hz, 3H, -CH2CH3) ppm. 
13
C NMR 
(CDCl3, 125 MHz): δ 89.48 (ipso-C), 88.61 (ipso-C), 68.63 (Cp), 68.60 (Cp), 67.77 (Cp), 
67.64 (Cp), 33.84, 31.90, 31.29, 29.99, 29.65, 29.59, 29.54, 29.41, 29.33, 28.92, 24.50, 22.67, 




Synthesis of HS(CH2)5Fc(CH2)7CH3 
Br(CH2)4COFc: Synthesised by following a procedure 2, using Br(CH2)4COCl (2.7 
g, 13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding 
Br(CH2)4COFc (3.5 g, 10.1 mmol, 75% yield). 
1
H NMR (CDCl3, 500 MHz): δ 4.78 (m, 2H, 
Cp-H), 4.50 (m, 2H, Cp-H), 4.20 (s, 5H, Cp-H), 3.46 (t, 
3
J = 7.0 Hz, 2H, -CH2Br), 2.74 (t, 
3
J = 
7.0 Hz, 2H, FcCOCH2-), 1.97 (m, 2H, -CH2CH2Br), 1.87 (m, 2H, FcCOCH2CH2-) ppm. 
13
C 
NMR (CDCl3, 125 MHz): δ 203.66 (CO), 78.79 (ipso-C), 72.15 (Cp), 69.67 (Cp), 69.20 (Cp), 




Br(CH2)4COFcCO(CH2)6CH3: Synthesised by following procedure 3, using 
Br(CH2)4COFc (3.5 g, 10.1 mmol) and CH3(CH2)6COCl (0.83 g, 5.1 mmol) as the starting 
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material yielding Br(CH2)4COFcCO(CH2)6CH3 (1.9 g, 4.1 mmol, 80% yield). 
1
H NMR 
(CDCl3, 500 MHz): δ 4.76 (m, 4H, Cp-H), 4.48 (m, 4H, Cp-H), 3.46 (t, 
3
J = 6.2 Hz, 2H, -
CH2Br), 2.65 (t, 
3
J = 6.8 Hz, 2H, FcCOCH2-), 2.63 (t, 
3
J = 7.6 Hz, 2H, FcCOCH2-), 1.97-1.81 
(m, 2H, -CH2CH2Br; 4H, FcCOCH2CH2-), 1.66-1.29 (m, 8H, -CH2(CH2)4CH3), 0.88 (t, 
3
J = 
7.0 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 203.71 (CO), 202.83 (CO), 80.36 
(ipso-C), 80.10 (ipso-C), 73.31 (Cp), 73.25 (Cp), 70.56 (Cp), 70.46 (Cp), 39.93, 38.62, 33.30, 
32.17, 31.64, 29.34, 29.08, 24.25, 22.63, 22.55, 14.00 ppm. 
Br(CH2)5Fc(CH2)7CH3: Synthesised by following procedure 4, using 
Br(CH2)4COFcCO(CH2)6CH3 (1.9 g, 4.1 mmol) as the starting material yielding 
Br(CH2)5Fc(CH2)7CH3 (1.7 g, 3.7 mmol, 90% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.99-
3.97 (m, 8H, Cp-H), 3.41 (t, 
3
J = 7.0 Hz, 2H, -CH2Br), 2.36-2.29 (m, 2H, FcCH2-), 1.91-1.85 
(m, 2H, FcCH2-), 1.54-1.45 (m, 2H, -CH2CH2Br), 1.33-1.29 (m, 4H, Br(CH2)2(CH2)2CH2Fc-; 
12H, -CH2(CH2)6CH3), 0.90 (t, 
3
J = 7.0 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 
MHz): δ 89.46 (ipso-C), 88.75 (ipso-C), 68.63 (Cp), 68.60 (Cp), 67.74 (Cp), 67.64 (Cp), 
45.01, 33.79, 32.71, 31.89, 31.29, 30.61, 30.48, 29.49, 29.41, 29.27, 28.10, 22.66, 14.09 ppm. 
ESI-MS m/z calcd for C23H35BrFc: 446; found: 446 (M
+
). 
HS(CH2)5Fc(CH2)7CH3: Synthesised by following procedure 5, using 
Br(CH2)5Fc(CH2)7CH3 (1.7 g, 3.7 mmol) as the starting material yielding 
HS(CH2)5Fc(CH2)7CH3 (1.2 g, 3.1 mmol, 85% yield).
 1
H NMR (CDCl3, 500 MHz): δ 3.98-
3.97 (m, 8H, Cp-H), 2.55-2.50 (q, 
3
J = 7.0 Hz, 2H, -CH2SH), 2.33-2.28 (m, 4H, FcCH2-), 
1.66-1.60 (m, 2H, -CH2CH2SH), 1.51-1.28 (m, 4H, HS(CH2)2(CH2)2CH2Fc-; 12H, -
CH2(CH2)6CH3), 0.90 (t, 
3
J = 7.0 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 
89.51 (ipso-C), 88.97 (ipso-C), 68.65 (Cp), 67.74 (Cp), 67.66 (Cp), 33.91, 31.89, 31.29, 30.78, 
29.65, 29.50, 29.40, 29.30, 27.28, 24.58, 22.67, 14.11 ppm. ESI-HRMS m/z calcd for 




Synthesis of HS(CH2)6Fc(CH2)6CH3 
Br(CH2)5COFc: Synthesised by following procedure 2, using Br(CH2)5COCl (2.9 g, 
13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding Br(CH2)5COFc 
(3.2 g, 8.9 mmol, 66% yield). 
1
H NMR (CDCl3, 300 MHz): δ 4.77 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 
4.49 (t, 
3
J = 1.9 Hz, 2H, Cp-H), 4.19 (s, 5H, Cp-H), 3.43 (t, 
3
J = 6.8 Hz, 2H, -CH2Br), 2.72 (t, 
3
J = 7.2 Hz, 2H, FcCOCH2-), 1.94-1.87 (m, 2H, -CH2CH2Br), 1.76-1.68 (m, 2H, 
FcCOCH2CH2-), 1.57-1.47 (m, 2H, -CH2CH2CH2-) ppm. 
13
C NMR (CDCl3, 75 MHz): δ 
204.11 (CO), 78.99 (ipso-C), 72.14 (Cp), 69.71 (Cp), 69.25 (Cp), 39.34, 33.65, 32.63, 28.02, 
23.53 ppm. ESI-MS m/z calcd for C16H19OBrFc: 362; found: 363 (M
+
+H).  
Br(CH2)5COFcCO(CH2)5CH3: Synthesised by following procedure 3, using 
Br(CH2)5COFc  (3.2 g, 8.9 mmol) and CH3(CH2)5COCl (0.67 g, 4.5 mmol) as the starting 
material yielding Br(CH2)5COFcCO(CH2)5CH3 (1.7 g, 3.6 mmol, 81% yield). 
1
H NMR 
(CDCl3, 500 MHz): δ 4.75-4.74 (m, 4H, Cp-H), 4.47-4.46 (m, 4H, Cp-H), 3.43 (t, 
3
J = 6.9 Hz, 
2H, -CH2Br), 2.67-2.61 (m, 4H, FcCOCH2-), 1.94-1.64 (m, 2H, -CH2CH2Br; 4H, 
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FcCOCH2CH2-), 1.55-1.30 (m, 2H, Br(CH2)2CH2-; 6H, -CH2(CH2)3CH3), 0.89 (t, 
3
J = 6.9 Hz, 
2H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 175 MHz): 203.68 (CO), 203.15 (CO), 80.39 (ipso-C), 
80.26 (ipso-C), 73.31 (Cp), 73.27 (Cp), 70.56 (Cp), 70.48 (Cp), 39.94, 39.51, 33.58, 32.59, 
31.64, 29.08, 27.90, 24.23, 23.14, 22.49, 14.01 ppm.  
Br(CH2)6Fc(CH2)6CH3: Synthesised by following procedure 4, using 
Br(CH2)5COFcCO(CH2)5CH3  (1.7 g, 3.6 mmol) as the starting material yielding 
Br(CH2)6Fc(CH2)6CH3 (1.5 g, 3.4 mmol, 94% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.98-
3.95 (m, 8H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.33-2.29 (m, 2H, FcCH2-), 1.89-1.83 
(m, 2H, FcCH2-), 1.54-1.42 (m, 2H, -CH2CH2Br), 1.37-1.28 (m, 6H, Br(CH2)2(CH2)3-; 10H, -
CH2(CH2)5CH3), 0.89 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 89.45 
(ipso-C), 89.00 (ipso-C), 68.61 (Cp), 67.69 (Cp), 67.63 (Cp), 33.90, 32.77, 31.85, 31.29, 
31.10, 29.61, 29.41, 29.31, 29.20, 28.66, 28.04, 22.66, 14.09 ppm. ESI-MS m/z calcd for 
C23H35BrFc: 446; found: 446 (M
+
).  
HS(CH2)6Fc(CH2)6CH3: Synthesised by following procedure 4, using 
Br(CH2)6Fc(CH2)6CH3 (1.5 g, 3.4 mmol) as the starting material yielding 
HS(CH2)6Fc(CH2)6CH3 (1.1 g, 2.8 mmol, 82% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.97-
3.96 (m, 8H, Cp-H), 2.55-2.50 (q, 
3
J = 7.0 Hz, 2H, -CH2SH), 2.32-2.28 (m, 4H, FcCH2-), 
1.64-1.59 (m, 2H, -CH2CH2SH), 1.52-1.26 (m, 6H, HS(CH2)2(CH2)3-; 10H, -CH2(CH2)5CH3), 
0.89 (t, 
3
J = 7.0 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 89.47 (ipso-C), 89.14 
(ipso-C), 68.63 (Cp), 67.69 (Cp), 67.64 (Cp), 33.98, 31.86, 31.29, 31.17, 29.61, 29.41, 2936, 
29.20, 28.99, 28.24, 24.61, 22.66, 14.10 ppm. ESI-MS m/z: 400 (M
+
). ESI-HRMS m/z calcd 




Synthesis of HS(CH2)7Fc(CH2)5CH3 
Br(CH2)6COFc: Synthesised by following  procedure 2, using Br(CH2)6COCl (3.1 g, 
13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding Br(CH2)6COFc 
(3.6 g, 9.5 mmol, 70% yield). 
1
H NMR (CDCl3, 300 MHz): δ 4.77 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 
4.49 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 4.19 (s, 5H, Cp-H), 3.42 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.70 (t, 
3
J = 7.6 Hz, 2H, FcCOCH2-), 1.93-1.84 (m, 2H, -CH2CH2Br), 1.77-1.67 (m, 2H, 
FcCOCH2CH2-), 1.55-1.35 (m, 4H, -(CH2)2CH2CH2Br) ppm. 
13
C NMR (CDCl3, 75 MHz): δ 
204.33 (CO), 79.08 (ipso-C), 72.11 (Cp), 69.70 (Cp), 69.28 (Cp), 39.43, 33.89, 32.55, 28.56, 
29.99, 24.23 ppm. ESI-MS m/z calcd for C17H21OBrFc: 376; found: 377 (M
+
+H). 
Br(CH2)6COFcCO(CH2)4CH3: Synthesised by following procedure 3, using 
Br(CH2)6COFc (3.6 g, 9.5 mmol) and CH3(CH2)4COCl (0.65 g, 4.8 mmol) as the starting 
material yielding Br(CH2)6COFcCO(CH2)4CH3 (1.8 g, 3.7 mmol, 77% yield). 
1
H NMR 
(CDCl3, 300 MHz): δ 4.77-4.76 (m, 4H, Cp-H), 4.48-4.47 (m, 4H, Cp-H), 3.43 (t, 
3
J = 6.8 Hz, 
2H, -CH2Br), 2.68-2.61 (m, 4H, FcCOCH2-), 1.92-1.65 (m, 2H, -CH2CH2Br; 4H, 
FcCOCH2CH2-), 1.51-1.33 (m, 6H, Br(CH2)2(CH2)3-; 4H, -CH2(CH2)2CH3), 0.92 (t, 
3
J = 6.9 
Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 75 MHz): δ 203.69 (CO), 203.42 (CO), 80.43 
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(ipso-C), 80.34 (ipso-C), 73.33 (Cp), 73.31 (Cp), 70.57 (Cp), 70.52 (Cp), 39.92, 39.65, 33.87, 
32.57, 31.62, 28.48, 28.00, 23.99, 23.90, 22.55, 13.97 ppm.  
Br(CH2)7Fc(CH2)5CH3: Synthesised by following procedure 4, using 
Br(CH2)6COFcCO(CH2)4CH3 (1.8 g, 3.7 mmol) as the starting material yielding 
Br(CH2)7Fc(CH2)5CH3 (1.5 g, 3.4 mmol, 92% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.96 (s, 
8H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.33-2.27 (m, 2H, FcCH2-), 1.90-1.81 (m, 2H, 
FcCH2-), 1.51-1.35 (m, 2H, -CH2CH2Br), 1.33-1.26 (m, 8H, Br(CH2)2(CH2)4-; 8H, -
CH2(CH2)4CH3), 0.89 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 89.49 
(ipso-C), 89.24 (ipso-C), 68.65 (Cp), 67.70 (Cp), 67.66 (Cp), 33.93, 32.79, 31.75, 31.24, 
31.17, 29.40, 29.36, 29.31, 28.63, 28.11, 22.63, 14.09 ppm. ESI-MS m/z calcd for 
C23H35BrFc: 446; found: 446 (M
+
). 
HS(CH2)7Fc(CH2)5CH3: Synthesised by following procedure 5, using 
Br(CH2)7Fc(CH2)5CH3  (1.5 g, 3.4 mmol) as the starting material yielding 
HS(CH2)7Fc(CH2)5CH3 (1.1 g, 2.7 mmol, 80% yield). 
1
H NMR (CDCl3, 300 MHz): δ 3.97-
3.95 (m, 8H, Cp-H), 2.56-2.48 (q, 
3
J = 7.0 Hz, 2H, -CH2SH), 2.33-2.28 (m, 4H, FcCH2-), 
1.64-1.26 (m, 10H, HSCH2(CH2)5-; 8H, -CH2(CH2)4CH3), 0.90 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) 
ppm. 
13
C NMR (CDCl3, 75 MHz): 89.39 (ipso-C), 89.20 (ipso-C), 68.59 (Cp), 67.63 (Cp), 
67.60 (Cp), 34.01, 31.76, 31.25, 31.23, 29.46, 29.41, 29.39, 29.33, 28.95, 28.31, 24.63, 22.64, 




Synthesis of HS(CH2)8Fc(CH2)4CH3 
Br(CH2)7COFc: Synthesised by following procedure 2, using Br(CH2)7COCl (3.3 g, 
13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding Br(CH2)7COFc 
(3.6 g, 9.2 mmol, 68% yield). 
1
H NMR (CDCl3, 300 MHz): δ 4.77 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 
4.48 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 4.19 (s, 5H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.69 (t, 
3
J = 7.5, 2H, FcCOCH2-), 1.89-1.84 (m, 2H, -CH2CH2Br), 1.71-1.69 (m, 2H, FcCOCH2CH2-), 
1.49-1.37 (m, 6H, -(CH2)3(CH2)2Br) ppm. 
13
C-NMR (CDCl3, 75 MHz): δ = 204.51 (CO), 
78.97 (ipso-C) 72.13 (Cp), 69.70 (Cp), 69.31 (Cp), 40.03, 33.93, 32.74, 29.32, 28.78, 28.01, 
24.42 ppm. ESI-MS m/z calcd for C18H23OBrFc: 390; found: 391 (M
+
+H). 
Br(CH2)7COFcCO(CH2)3CH3: Synthesised by following procedure 3, using 
Br(CH2)7COFc  (3.6 g, 9.2 mmol) and CH3(CH2)3COCl (0.55 g, 4.6 mmol) as the starting 
material yielding Br(CH2)7COFcCO(CH2)3CH3 (1.8 g, 3.7 mmol, 80% yield). 
1
H NMR 
(CDCl3, 500 MHz): δ 4.76 (t, 
3
J = 2.0 Hz, 4H, Cp-H), 4.47 (t, 
3
J = 2.0 Hz, 4H, Cp-H), 3.40 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.67-2.62 (m, 4H, FcCOCH2-), 1.91-1.67 (m, 2H, -CH2CH2Br; 4H, 
FcCOCH2CH2-), 1.64-1.24 (m, 6H, -(CH2)3(CH2)2Br; 2H, -CH2CH2CH3), 0.93 (m, 2H, -
CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 203.72 (CO), 203.59 (CO), 80.43 (ipso-C), 
80.38 (ipso-C), 73.33 (Cp), 70.57 (Cp), 70.55 (Cp), 39.79, 39.66, 33.88, 32.72, 29.81, 28.61, 






Br(CH2)8Fc(CH2)4CH3: Synthesised by following procedure 4, using 
Br(CH2)7COFcCO(CH2)3CH3 (1.8 g, 3.7 mmol) as the starting material yielding 
Br(CH2)8Fc(CH2)4CH3 (1.4 g, 3.5 mmol, 95% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.99 (s, 
8H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.30-2.27 (m, 4H, FcCH2-), 1.89-1.83 (m, 2H, -
CH2CH2Br), 1.49-1.26 (m, 10H, -(CH2)5(CH2)2Br; 6H, -CH2(CH2)3CH3), 0.90 (t, 
3
J = 6.3 Hz, 
3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 89.50 (ipso-C), 89.22 (ipso-C), 68.82 
(Cp), 67.85 (Cp), 33.97, 32.82, 31.85, 31.21, 30.94, 29.48, 29.38, 29.36, 29.30, 28.71, 28.15, 
22.56, 14.05 ppm. ESI-MS m/z calcd for C23H35BrFc: 446; found: 446 (M
+
).  
HS(CH2)8Fc(CH2)4CH3: Synthesised by following procedure 5, using 
Br(CH2)8Fc(CH2)4CH3  (1.4 g, 3.5 mmol) as the starting material yielding 
HS(CH2)8Fc(CH2)4CH3 (1.0 g, 2.6 mmol, 75% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.97-
3.96 (m, 8H, Cp-H), 2.55-2.50 (q, 
3
J = 7.0 Hz, 2H, -CH2SH), 2.32-2.29 (m, 4H, FcCH2-), 
1.64-1.41 (m, 12H, -(CH2)6(CH2)2SH; 6H, -CH2(CH2)3CH30.90 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) 
ppm. 
13
C NMR (CDCl3, 125 MHz): δ 89.42 (ipso-C), 89.32 (ipso-C), 68.62 (Cp), 67.64 (Cp), 
67.63 (Cp), 34.02, 31.85, 31.26, 30.96, 29.53, 29.40, 29.38, 29.02, 28.35, 24.62, 22.56, 14.05 




Synthesis of HS(CH2)9Fc(CH2)3CH3 
  Br(CH2)8COFc: Synthesised by following procedure 2, using Br(CH2)8COCl (3.5 g, 
13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding Br(CH2)8COFc 
(3.9 g, 9.7 mmol, 72% yield). 
1
H NMR (CDCl3, 500 MHz): δ 4.77 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 
4.48, (t, 
3
J = 2.0 Hz, 2H, Cp-H), 4.19 (s, 5H, Cp-H), 3.40 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.69 (t, 
3
J = 7.6 Hz, 2H, FcCOCH2-), 1.88-1.82 (m, 2H, -CH2CH2Br), 1.69-1.68 (m, 2H, 
FcCOCH2CH2-), 1.43-1.35 (m, 8H, -(CH2)4(CH2)2Br-) ppm. 
13
C NMR (CDCl3, 125 MHz): 
204.42 (CO), 79.11 (ipso-C), 72.01 (Cp), 69.64 (Cp), 69.23 (Cp), 53.37, 39.59, 33.90, 32.70, 




Br(CH2)8COFcCO(CH2)2CH3: Synthesised by following procedure 3, using 
Br(CH2)8COFc  (3.9 g, 9.7 mmol) and CH3(CH2)2COCl (0.52 g, 4.9 mmol) as the starting 
material yielding Br(CH2)8COFcCO(CH2)2CH3 (1.4 g, 3.0 mmol, 65% yield). 
1
H NMR 
(CDCl3, 500 MHz): δ 4.75 (m, 4H, Cp-H), 4.46-4.45 (m, 4H, Cp-H), 3.40-3.37 (t, 
3
J = 6.8 Hz, 
2H, -CH2Br), 2.64-2.60 (m, 4H, FcCOCH2-), 1.87-1.81 (m, 2H, -CH2CH2Br), 1.73-1.65 (m, 
4H, FcCOCH2CH2-), 1.43-1.34 (m, 8H, -(CH2)4(CH2)2Br), 0.99 (t, 
3
J = 6.9 Hz, 3H, -CH2CH3) 
ppm. 
13
C NMR (CDCl3, 125 MHz): 203.57 (CO), 203.45 (CO), 80.55 (ipso-C), 80.21 (ipso-C) 
73.27 (Cp), 70.49 (Cp), 41.76, 39.81, 33.92, 32.72, 29.23, 28.54, 28.05, 24.13, 17.61, 13.95 
ppm.  
 Br(CH2)9Fc(CH2)3CH3: Synthesised by following procedure 4, using 
Br(CH2)8COFcCO(CH2)2CH3 (1.4 g, 3.0 mmol) as the starting material yielding 
Br(CH2)9Fc(CH2)3CH3 (1.3 g, 2.8 mmol, 93% yield). 
1
H NMR (CDCl3, 500 MHz): δ 4.02 (m, 
8H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.29 (m, 2H, FcCH2-), 1.89-1.84 (m, 2H, 
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FcCH2-), 1.48-1.43 (m, 2H, -CH2CH2Br), 1.37-1.31 (m, 12H, -CH2(CH2)6(CH2)2Br; 4H, -
CH2(CH2)2CH3), 0.92 (t, 
3
J = 7.5 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 
89.82 (ipso-C), 89.34 (ipso-C), 68.90 (Cp), 67.94 (Cp), 33.99, 33.38, 32.79, 31.20, 29.52, 




 HS(CH2)9Fc(CH2)3CH3: Synthesised by following procedure 5, using 
Br(CH2)9Fc(CH2)3CH3 (1.3 g, 2.8 mmol) as the starting material yielding 
HS(CH2)9Fc(CH2)3CH3 (0.9 g, 2.2 mmol, 77% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.98-
3.96 (m, 8H, Cp-H), 2.55-2.50 (q, 
3
J = 7.0 Hz, 2H, -CH2SH), 2.33-2.29 (m, 4H, FcCH2-), 
1.64-1.27 (m, 14H, -CH2(CH2)7CH2SH; 4H, -CH2(CH2)2CH3), 0.92 (t, 
3
J = 7.5 Hz, 3H, -
CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 89.34 (ipso-C), 89.32 (ipso-C), 68.59 (Cp), 
67.61 (Cp), 34.02, 33.44, 31.26, 29.57, 29.45, 29.43, 29.39, 29.08, 29.04, 28.35, 24.62, 22.65, 




Synthesis of HS(CH2)10Fc(CH2)2CH3 
FcCOCH2CH3: Synthesised by following procedure 2, using CH3CH2COCl (1.2 g, 
13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding FcCOCH2CH3 
(2.4 g, 10.1 mmol, 75% yield). 
1
H NMR (CDCl3, 500 MHz): δ 4.77 (m, 2H, Cp-H), 4.46 (m, 
2H, Cp-H), 4.16 (s, 5H, Cp-H), 2.73-2.69 (q, 
3
J = 6.4 Hz, 2H, FcCOCH2-), 1.17 (t, 
3
J = 7.3 
Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 204.91 (CO), 78.83 (ipso-C), 71.96 
(Cp), 69.61 (Cp), 69.15 (Cp), 32.64 (FcCOCH2), 8.43 (-CH2CH3) ppm.  
Br(CH2)9COFcCOCH2CH3: Synthesised by following procedure 3, using 
CH3CH2COFc (2.4 g, 10.1 mmol) and Br(CH2)9COCl (1.4 g, 5.1 mmol) as the starting 
material yielding Br(CH2)9COFcCOCH2CH3 (1.6 g, 3.4 mmol, 66% yield). 
1
H NMR (CDCl3, 
500 MHz): δ 4.78-4.76 (m, 4H, Cp-H), 4.44 (m, 4H, Cp-H), 3.41 (t, 3J = 6.8 Hz, 2H, -CH2Br), 
2.67-2.59 (m, 4H, FcCOCH2-), 1.88-1.83 (m, 2H, -CH2CH2Br), 1.71-1.65 (m, 4H, 
FcCOCH2CH2-), 1.44-1.25 (m, 10H, -CH2(CH2)5(CH2)2Br), 1.18 (t, 
3
J = 7.3 Hz, 3H, -
CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 203.86 (CO), 203.57 (CO), 80.37 (ipso-C), 
80.21 (ipso-C), 73.22 (Cp), 73.17 (Cp), 70.48 (Cp), 70.43 (Cp), 39.84, 33.89, 32.93, 32.72, 
29.29, 29.18, 28.61, 28.05, 24.16, 8.07 ppm.  
Br(CH2)10Fc(CH2)2CH3: Synthesised by following procedure 4, using 
Br(CH2)9COFcCOCH2CH3 (1.6 g, 3.4 mmol) as the starting material yielding 
Br(CH2)10Fc(CH2)2CH3 (1.4 g, 3.1 mmol, 90% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.96 (m, 
8H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.31-2.27 (m, 4H, FcCH2-), 1.86-1.84 (m, 2H, -
CH2CH2Br), 1.53-1.28 (m, 14H, -CH2(CH2)7(CH2)2Br; 2H, -CH2CH2CH3), 0.89 (t, 
3
J = 6.9 
Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 89.36 (ipso-C), 89.16 (ipso-C), 68.67 
(Cp), 68.61 (Cp), 67.62 (Cp), 34.03, 32.84, 31.66, 31.30, 29.61, 29.48, 29.42, 28.77, 28.18, 
24.46, 14.19 ppm. ESI-MS m/z calcd for C23H35BrFc: 446; found: 446 (M
+
).  
HS(CH2)10Fc(CH2)2CH3: Synthesised by following procedure 5, using 
Br(CH2)10Fc(CH2)2CH3 (1.4 g, 3.1 mmol) as the starting material yielding 
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HS(CH2)10Fc(CH2)2CH3 (0.9 g, 2.3 mmol, 75% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.98 
(m, 8H, Cp-H), 2.55 -2.50 (q, 
3
J = 7.0 Hz, 2H, -CH2SH), 2.31-2.27 (m, 4H, FcCH2-), 1.63-
1.59 (m, 2H, -CH2CH2SH), 1.53-1.26 (m, 14H, -CH2(CH2)7(CH2)2SH; 2H, -CH2CH2CH3) 0.93 
(t, 
3
J = 6.9 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 125 MHz): 89.48 (ipso-C), 89.27 (ipso-
C), 68.75 (Cp), 68.69 (Cp), 67.72 (Cp), 34.04, 31.63, 31.28, 29.67, 29.61, 29.53, 29.50, 29.40, 





Synthesis of HS(CH2)11FcCH2CH3 
Br(CH2)10COFc: Synthesised by following procedure 2, using Br(CH2)10COCl (2.8 g, 
13.5 mmol) and ferrocene (5.0 g, 26.9 mmol) as the starting material yielding Br(CH2)10COFc 
(3.4 g, 9.5 mmol, 70% yield). 
1
H NMR (CDCl3, 500 MHz): δ 4.78 (t, 
3
J = 1.9 Hz, 2H, Cp-
H4.48 (t, 
3
J = 1.9 Hz, 2H, Cp-H), 4.19 (s, 5H, Cp-H), 3.40 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.69 
(t, 
3
J = 7.6 Hz, 2H, FcCOCH2-), 1.88-1.83 (m, 2H, -CH2CH2Br), 1.73-1.67 (m, 2H, 
FcCOCH2CH2-), 1.44-1.26 (m, 12H, -CH2(CH2)6(CH2)2Br) ppm. 
13
C NMR (CDCl3, 125 
MHz): δ 204.57 (CO), 79.25 (ipso-C), 72.04 (Cp), 69.71 (Cp), 69.33 (Cp), 39.74, 33.98, 
32.82, 29.51, 29.45, 29.38, 28.73, 28.15, 24.61 ppm. ESI-MS m/z calcd for C21H29OBrFc: 
432; found: 433 (M
+
+H). 
Br(CH2)10COFcCOCH3: Synthesised by following procedure 3, using 
Br(CH2)10COFc (3.4 g, 9.5 mmol) and CH3COCl (0.38 g, 4.8 mmol) as the starting material 
yielding Br(CH2)10COFcCOCH3 (1.5 g, 3.1 mmol, 65% yield). 
1
H NMR (CDCl3, 500 MHz): δ 
4.78 (t, 
3
J = 1.9 Hz, 2H, Cp-H), 4.76 (t, 
3
J = 1.9 Hz, 2H, Cp-H), 4.49 (m, 4H, Cp-H), 3.40 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.64 (t, 
3
J = 7.6 Hz, 2H, FcCOCH2-), 2.35 (s, 3H, FcCOCH3), 1.88-
1.83 (m, 2H, -CH2CH2Br), 1.72-1.66 (m, 2H, FcCOCH2CH2-), 1.44-1.31 (m, 12H, -
CH2(CH2)6(CH2)2Br) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 203.58 (CO), 201.13 (CO), 80.61 
(ipso-C), 80.56 (ipso-C), 73.50 (Cp), 73.39 (Cp), 70.85 (Cp), 70.68 (Cp), 39.97, 33.99, 32.82, 
29.44, 29.42, 29.37, 28.73, 28.15, 27.60, 24.25 ppm.  
Br(CH2)11FcCH2CH3: Synthesised by following procedure 4, using 
Br(CH2)10COFcCOCH3 (1.5 g, 3.1 mmol) as the starting material yielding 
Br(CH2)11FcCH2CH3 (1.3 g, 2.9 mmol, 93% yield). 
1
H NMR (CDCl3, 500 MHz): δ 3.98 (m, 
8H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, -CH2Br), 2.36-2.29 (m, 4H, FcCH2-), 1.89-1.83 (m, 2H, -
CH2CH2Br), 1.50-1.29 (m, 16H, -CH2(CH2)8(CH2)2Br), 1.64 (t, 
3
J = 7.6 Hz, 3H, -CH2CH3) 
ppm. 
13
C NMR (CDCl3, 125 MHz): δ 90.97 (ipso-C), 89.39 (ipso-C), 68.55 (Cp), 68.49 (Cp), 
67.99 (Cp), 67.61 (Cp), 33.99, 32.83, 31.28, 29.66, 29.61, 29.54, 29.50, 29.43, 29.41, 28.74, 
28.16, 22.09, 14.84 ppm. ESI-MS m/z calcd for C23H35BrFc: 446; found: 446 (M
+
).  
HS(CH2)11FcCH2CH3: Synthesised by following procedure 5, using 
Br(CH2)11FcCH2CH3 (1.3 g, 2.9 mmol) as the starting material yielding HS(CH2)11FcCH2CH3 
(0.8 g, 2.0 mmol, 70% yield). 
1
H NMR (CDCl3, 300 MHz): δ 3.98 (m, 8H, Cp-H), 2.56-2.49 
(q, 
3
J = 7.0 Hz, 2H, -CH2SH), 2.38-2.28 (m, 4H, FcCH2-), 1.66-1.28 (m, 18H, -
CH2(CH2)9CH2SH), 1.16 (t, 
3
J = 7.4 Hz, 3H, -CH2CH3) ppm. 
13
C NMR (CDCl3, 75 MHz): 
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90.93 (ipso-C), 89.36 (ipso-C), 68.52 (Cp), 67.96 (Cp), 67.59 (Cp), 67.53 (Cp), 34.03, 31.29, 
29.62, 29.55, 29.49, 29.42, 29.05, 28.36, 24.64, 22.08, 14.84 ppm. ESI-HRMS m/z calcd for 
C23H36SFc: 400.1887; found: 400.1872 (M
+
). 
Synthesis of HS(CH2)12FcCH3 
Br(CH2)11COFcCHO: Synthesised by following procedure 2, using Br(CH2)11COCl 
(1.5 g, 6.8 mmol) and ferrocene carboxyaldehyde, FcCHO (2.9 g, 13.5 mmol) as the starting 
material yielding Br(CH2)11COFcCHO (0.8 g, 2.1 mmol, 30% yield). 
1
H NMR (CDCl3, 300 
MHz): δ 9.94 (s, 1H, FcCHO), 4.86 (t, 3J = 1.8 Hz, 2H, Cp-H), 4.79 (t, 3J = 2.0 Hz, 2H, Cp-
H), 4.59 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 4.56 (t, 
3
J = 2.0 Hz, 2H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -
CH2Br), 2.65 (t, 
3
J = 7.2 Hz, 2H, FcCOCH2-), 1.86 (p, 
3
J = 7.1 Hz, 2H, -CH2CH2Br), 1.69-
1.26 (m, 16H, -CH2(CH2)8(CH2)2Br) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 203.63 (CO), 
192.97 (CO), 80.54 (ipso-C), 80.42 (ipso-C), 74.37 (Cp), 73.05 (Cp), 70.82 (Cp), 70.50 (Cp), 
39.89, 38.85, 34.01, 32.76, 29.40, 29.35, 28.67, 28.09, 24.17 ppm. ESI-MS m/z calcd for 
C23H31O2BrFc: 474; found: 497 (M
+
+Na).  
Br(CH2)12FcCH3: Synthesised by following procedure 4, using Br(CH2)11COFcCHO 
(0.8 g, 2.1 mmol) as the starting material yielding Br(CH2)12FcCH3 (0.85 g, 1.9 mmol, 90% 
yield). 
1
H NMR (CDCl3, 300 MHz): δ 4.00 (m, 8H, Cp-H), 3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 
2.28 (t, 
3
J = 7.2 Hz , 2H, FcCH2-), 1.95 (s, 3H, FcCH3), 1.86 (m, 2H, -CH2CH2Br), 1.55-1.26 
(m, 18H, -CH2(CH2)9(CH2)2Br) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 90.33 (ipso-C), 89.47 
(ipso-C), 70.01 (Cp), 68.89 (Cp), 67.92 (Cp), 34.00, 32.77, 31.19, 29.63, 29.58, 29.53, 29.46,  




HS(CH2)12FcCH3: Synthesised by following procedure 5, using Br(CH2)12FcCH3  
(0.85 g, 1.9 mmol) as the starting material yielding HS(CH2)12FcCH3 (0.5 g, 1.2 mmol, 62% 
yield). 
1
H NMR (CDCl3, 300 MHz): δ 3.96 (m, 8H, Cp-H), 2.52 (q, 
3
J = 7.2 Hz, 2H, -CH2SH), 
2.30 (t, 
3
J = 7.4 Hz , 2H, FcCH2-), 1.67-1.26 (m, 18H, -CH2(CH2)9CH2SH; 3H, FcCH3) ppm. 
13
C NMR (CDCl3, 125 MHz): δ 89.61 (ipso-C), 89.35 (ipso-C), 69.56 (Cp), 68.63 (Cp), 67.64 
(Cp), 67.57 (Cp), 33.97, 31.22, 29.62, 29.58, 29.54, 29.46, 29.43, 29.25, 28.99, 28.31, 24.58, 




Synthesis of HS(CH2)13Fc 
Br(CH2)12COFc: BrC12COOH is not commercially available and was prepared from 
the corresponding diethyl malonate (Figure 4.1C). Diethyl malonate (2.0 g, 15.0 mmol) was 
added to a solution of sodium ethoxide (1.0 g, 15.0 mmol) in ethanol (50 mL). The mixture 
was heated at 60 
o
C for 1 h. Subsequently, we added Br(CH2)11Br (4.3 g, 13.7 mmol) and 
refluxed the mixture for an additional 16 h. After letting the reaction mixture to cool down to 
room temperature, the mixture was filtrated, extracted with ethyl acetate (20 mL, three times), 
washed with water (10 mL, two times), and dried over MgSO4. After evaporation of the 
volatiles, we obtained the Br(CH2)11CH(COOEt)2 (4.3 g, 11.1 mmol, 81% yield). Without 
further purification, the crude product (3.7 g, 9.0 mmol of Br(CH2)11CH(COOEt)2  with 
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remaining starting material of roughly 20% according to the 
1
H-NMR spectrum) was 
dissolved in 48% HBr (20 mL). The mixture was refluxed for 72 h. After cooling to room 
temperature, water (20 mL) was added to the mixture followed by extraction with CHCl3 (50 
mL, three times). The combined organic extracts were washed with de-ionized water (20 mL, 
two times), dried over MgSO4, and concentrated. Purification by flash column 
chromatography over silica gel (hexane/dichloromethane/ethyl acetate, 5:2:2) yielded 
Br(CH2)12COOH (1.6 g, 5.6 mmol, 50% yield) 
1
H-NMR (300 MHz, CDCl3): δ 3.40 (t, 
3
J = 6.8 
Hz, 2H, -CH2Br), 2.35 (p, 
3
J = 7.4 Hz, 2H, -CH2COOH), 1.85 (p, 
3
J = 7.4 Hz, 2H, -
CH2CH2Br), 1.65 (p, 
3
J = 7.4 Hz, 2H, -CH2CH2COOH), 1.22-1.42 (m, 16H, -
(CH2)8CH2CH2Br) ppm. The compound of Br(CH2)12COFc was synthesised by following 
procedure 1, and 2 using Br(CH2)13COOH (2.2 g, 9.0 mmol) as the starting material yielding 
Br(CH2)12COFc (1.4 g, 4.6 mmol, 51% yield). 
1
H-NMR (300 MHz, CDCl3): δ 4.78 (t, 
3
J = 1.8 
Hz, 2H, Cp-H), 4.48 (t, 
3
J = 1.8 Hz, 2H, Cp-H), 4.19 (s, 5H, Cp-H), 3.40 (t, 
3
J = 6.9 Hz, 2H, -
CH2Br), 2.69 (t, 
3
J = 7.4 Hz, 2H, -CH2COFc), 1.82 (p, 
3
J = 7.6 Hz, 2H, -CH2CH2Br), 1.70 (p, 
3
J = 7.2 Hz, 2H, -CH2CH2COFc), 1.28-1.42 (m, 16H, -(CH2)8(CH2)2Br) ppm. 
13
C-NMR (75 
MHz, CDCl3): δ = 204.62 (CO), 79.21 (ipso-C), 72.04 (Cp), 69.63 (Cp), 69.34 (Cp), 39.72, 
34.01, 32.80, 29.52, 29.41, 29.31, 28.72, 28.11, 24.64 ppm. ESI-MS m/z calcd for 
C23H33OBrFc: 460; found: 462 (M
+
+2H).  
Br(CH2)13Fc: Synthesised by following procedure 4, using Br(CH2)12COFc (1.4 g, 
4.6 mmol) as the starting material yielding Br(CH2)13Fc (1.9 g, 4.2 mmol, 93% yield). 
1
H-
NMR (300 MHz, CDCl3): δ 4.09 (s, 5H, Cp-H), 4.04 (m, 2H, Cp-H), 4.03 (m, 2H, Cp-H), 
3.41 (t, 
3
J = 6.9 Hz, 2H, -CH2Br), 2.31 (t, 
3
J = 7.6 Hz, 2H, -CH2Fc), 1.83 (p, 
3
J = 7.4 Hz, 2H, -
CH2CH2Br), 1.27-1.55 (m, 20H, -(CH2)10(CH2)2Br) ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 
89.51 (ipso-C), 68.42 (Cp), 68.01 (Cp), 66.94 (Cp), 34.03, 32.82, 31.01, 29.51, 29.45, 28.74, 
28.10 ppm. ESI-MS m/z calcd for C23H35BrFc: 446; found: 446 (M
+
).  
HS(CH2)13Fc: Synthesised by following the procedure 5, using Br(CH2)13Fc (1.9 g, 
4.2 mmol) as the starting material yielding HS(CH2)13Fc (1.2 g, 2.9 mmol, 68% yield). 
1
H-
NMR (300 MHz, CDCl3): δ  4.09 (s, 5H, Cp-H), 4.05 (m, 2H, Cp-H), 4.04 (m, 2H, Cp-H), 
2.52 (q, 
3
J = 7.2 Hz, 2H, -CH2SH), 2.31 (t, 
3
J = 7.6 Hz, 2H, -CH2Fc), 1.26-1.63 (m, 22H, -
(CH2)11(CH2)2Br) ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 89.51 (ipso-C), 68.52 (Cp), 68.14 
(Cp), 67.05 (Cp), 34.01, 30.93, 29.52, 29.44, 29.01, 28.31, 24.65 ppm. ESI-HRMS m/z calcd 
for C23H36SFc: 400.1887; found: 400.1880 (M
+
).  
 
